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STIR, 


F all the incidents in my life UE is none 

I reflect upon with greater pleaſure, than 
the happineſs of falling! into your acquaintance at 
CAMBRIDGE. There, among the many agree- 
able hours I had the honour of paſſing in your 
company, you may remember the converſation: 
ſometimes turned upon Opticks, a Science you 
knew I had taken ſome pains in: And the cu- 
W you then diſcoyered, in relation to ſome 
points 
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1 that had not been fufficiently explained by 
former writers, was the principal motive with me 
to take them more particularly into conſideration. 


Bur as our acquaintance grew by degrees into 
a ſettled friendſhip, I became deſirous of giving 
you ſome publick teſtimony of the reſpect and 
affection I had for you; to which end I began 
to collect together and reviſe my ſcattered papers, 
and to think of preparing them for the Preſs. 


And ſo ſollicitous was I to produce ſomething 


not unworthy of the Patronage you were then 
pleaſed to grant me, that I attended too little to 
the good old role, Quid valeant humeri, and 
projected a deſign much too large for the health 
and leiſure I had to proſecute it. 


By the want of theſe, the work has been re- 
tarded for ſo many years, that in the more active 


and con ſpicuous ſcene of life you have ſince en- 


tered upon, wherein you appear with ſo much 
honour to yourſelf and ſo much pleaſure to your 
friends, when your former thoughts upon this 
ſubj ect muſt neceſſarily have been long ſince 
A dE and laid aſide, I am ſenſible you 
can hardly have time to look into, or think of 


\ 
\ 


what 


DEDICATION 
what in the days of your Academical leiſure 
would have been no diſagreeable entertainment. 
To you however I multbeg leave to addreſs it, 
becauſe, of how little uſe or pleaſure ſoever it 
may now be to you, to you the Preſent of right 
belongs. Twas you that ſet me firſt to work; 
*twas you that procured me leiſure in time to 
finiſh it; *twas my affection for you and that a- 
lone, that gave me ſtrength and ſpirit to go 
through with it. 


FoR in the weak and unſettled ſtate of health 
I have been in for many years, the common 
motives to ſuch undertakings, as the importuni- 
ty of acquaintance, the hopes of fame, or even 
the deſire of promoting uſeful knowledge, could 
never have been ſtrong enough to carry me 
through ſo large and difficult a Work, had I 
not been animated by a warmer affection ariſing 
from the amiable qualities of-the beſt of Friends, 
improved by a long experience and obſervation 
of them, and ſtill farther heightened by a train 
of favours and honours received from his hand 
and heart. 


| ; THESE 
3 | [ 


% 
* 
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4 * effefts of your Friendſhip 3 me are 


ſo much to my reputation, that you muſt 

don my vanity in taking this publick notice of 
them. Were the Treatiſe I preſent you with 
at all anſwerable to my ambition, it ſhould be 
a laſting Monument of the Gratitude of, | 


SIR, 
Your moſt affeFtionate Friend, 


and humble Servant, 


ROBERT SMITH. 


PR EF A CE. 
HE firſt of the four Books, or the Popular Treatiſe, though partly in- 
tended as an Introduction to the reſt, is chiefly deſigned for the uſe 
of thoſe who would know ſomething of Opticks, but want the preparatory 
learning that is neceſſary for a thorough acquaintance with that Science. 
With this view I have here avoided all Geometrical Demonſtrations, and 
inſtead thereof have ſubſtituted that more entertaining and looſer fort of 
proof, that may be drawn from experiment only; and the experiments I 
have contrived for that end, are not only eaſy to be underſtood, but may, 
F the Reader pleaſes, be tryed with very little trouble or apparatus 

By this means one who uſes a little application, may find himſelf maſter 
F no inconſiderable part of the doctrine of Opticks, which is here explained 
in ſuch à manner, as I hope thay be eaſy to all, and yet not tedious to more 
ſeilful Readers, who perhaps may find here and there ſomething not unworthy 
of their notice. 

Another advantage deſigned for the Readers above-mentioned is, that this 
Popular Treatiſe well underfiood, will be abundantly ſufficient to conduct 
them through many curious pieces contained in the Remarks, and even 
through the whole third and fourth Books ; eſpecially if their heads be a little 
turned towards mechanical matters, and be furniſhed with ſome of the frft 
and eaſieſt principles of Aftronomy. 

In the third Book, befides ſome curious collections belonging to the art of 
grinding Glaſſes, drawn up and communicated by the late Hon. Samuel 
Molyneux Eq; I have given a full deſcription of a compleat Set of Op- 
tical and Aſtronomical Inſtruments, according to the lateſt and beſt improve- 
ments; together with particular explanations of their ſeveral uſes, when * 
plyed to the purpoſes of Aftronomy, G eography, Navigation, Levelling, and 
other uſe ful Arts. 

And in the fourth Book I have given a compleat hiftory and collection 
of T. eleſcopical Diſcoveries in the heavens, ſelefted from a great variety of 
books, memoirs, and obſervations of the beſt Aſtronomers. To which I intended 
to bave added a like collection of Microſcopical Di ENS but found <4 
Work was * too large without it. 
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Thus T have endeavoured to lay open a large field of Knowledge, even to 
perſons very moderately prepared for this ſort of Learni 

Thoſe that are better verſed in Euclid's Elements, after reading the four 
firft chapters of my ſecond which contain the Geometrical Elements of 
' the Twhole Work, demonſirated in a ſhort and eaſy manner, may then pro- 
ceed to fuch parts of it as they are moſt inclined to. For I have endeavoured 
zo make all the Chapters in the four Books, and the pieces in the Remarks, as 
much independent on one another as T could; chufing rather to repeat a few 
matters in the order and form in which they occafionally preſented themſelves, 
than to trouble my readers to recur to them elſewhere in a different dreſs: nat 
to mention that different views of the ſame truths are ſeldom diſagreeable to 
men of taſte, and are equally uſeful to beginners with the writings of dife- | 
erent authors upon the ſame ſubjectb. 

As I generally demonſtrate every thing from the firſt principles, the Re- 
marks are ſeldom explanatory of any thing in the four Books, but are chiefly 
additions to them ; as containing the Hiftory of Inventions and their improve» 
ments, diſſertations on different opinions in di fficult points, confutations of 
errors, collections of hints, obſervations and queries, ſubje#s enlarged upon or 
reconſidered in a different manner, both phyſical and mathematical, as cu- 
rious and valuable as any in the four Books : and as ſome of theſe pieces. are 
pretty long, I ſhould have printed them with @ letter ſomewhat larger, had 
the preſs been furniſhed with it. | 

As the general contents of the whole Work will fu fu efficiently appear by the 
Table of the Chapters, and the particulars by the Index, I might bere 
conclude; but as the Reader may expect ſome account of what is to be found 
in this Work, either of new diſcovery, or of zmprovement upon what has been 
- delivered by other writers, I. ſhall here mention ſome of the principal mat- 
7ers. 

1. The determination of the Focus of a pencil of reflefted rays, after 
Falling direly or obliquely on any number of plane or ſpherical ſurfaces, 
or of refracted rays, after paſſing directiy or obliquely through any number 
of lens's of any thickneſs, or through different mediums having plane or ſpberi- 
cal ſurfaces, is made more general and eaſy ; by reducing it in all theſe caſes 
to the like fimple proportion, that determines the focus of a pencil after falling 
direftly upon a fingle ſurface: and even in the Popular Treatiſe, I have gi- 
ven a plainer and fuller idea of the, pofitions and relative motions of conjugate 
 f*cus's along the axis of the glaſſes, than what I could meet with in Boks 
of Opticks. 

2. The 
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2. The determination of the Aberrations of reflected and refracted rays 
from the geometrical focus, cauſed by their different refrangibility and by the 
ſphericalneſs of the figure of the ſurfaces, is made eafier in ſimple caſes, 
is treated more copiouſly in different ways, is made more general, and ap- 
plied to more complex conſtructions of Optical Inſtruments than heretofore. 

3. Hence after demonſtrating the known rules for proportioning the 
lengths, apertures and eye-glaſſes of reflecting and reſrafing Teleſcopes, the 
theory of a refietting Microſcop?, having a concave ſpherical ſpeculum and 
4 Convex eye-glaſs, as propoſed by Sir Iſaac Newton, is fully confidered , 
and rules are given for the on adm of this pere as far as its con- 
ſtruction will admit. 

4. We rules delivered by Mr. Huygens for the improvement of PEE 
Microſcof es, both ſingle and double, are alſo confidered and demonſtrated 
But fince the magnifying powers of all forts of microſcopes yet extant, are 
limited by the inſuperable difficulty of truly figuring a lens or ſpeculum of ſo 
ſmall a fire, as their conſtruttions require for magnifying more than ordina- 
ry; in confidering bow to remove that difficulty, T found out a conſtruction 
with two ſpherical ſpeculums and a convex eye-glaſs, wherein that exceſſive 
ſmallneſs is not neceſſary. And after due confideration of the theory bere 
deſeribed, and an Eſſay of it made by Mr. Short of Edinburgh, I am of 
opinion, if ſufficient care be taken in the practical part, to follow the di- 
reftions and the Table of Meaſures here given, that this microſcope may 
far excel all others yet extant: I nean in magnifying tranſparent cbjects 
more than uſaal; which is generally ſuficient, becauſe the particles of all 
ſubſtances will become tranſparent when rendred ſufficiently ſmall, and theſe 
are the particles that we want to ſee magmfied more than ordinary. 

5. Mr. Gregorie propoſed to conſtruct his Teleſcope with ſpeculums figured 
according to the conick ſections, which being impracticable, the neceſſity of 
fing ſpherical ſpeculums has rendred the theory much more complex, on ac- 
count of the aberrations of the rays. His teleſcope and that of Mr. Cafſegrain 
I baue conſidered very minutely, and have given a ſolution of this problem. 
Having the focal diſtance of the larger ſpeculum, the angle of viſſon, the 
degrees of apparent brightneſs and diflintineſs, with which the object ſhall 
appear, to conſtruci the teleſeape. Hence ] have calculated a table sf the di 


OT and 4 magmyying rn of theſe telgſcopes. 


, 
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r of the rays in their favenal parts; and hove 


| bodies; and have conſidered Sir Iaae Newton's thaugbts: upon Hide n whoſe 
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6. Te the deſeription of ths Binceular Teleſrape I hove added @ flution 
of the moſt RPO NSN S „ eee 
of the fame kind relating te dowble wvifien. 

. To the deſcription and properties of. Conficks, Ehove added — 


compared the powers of Burning-Glaſſes of ſeveral. forts, oe with: another ; 
whereby it appears which glaſſes are the wenne. 1 
micraſcapical objects. 

8. Ibave given 4 . for finding 
the diameters and breadths of Rain -· loss and have compoſed jome propofi- 
tions to ſhew the variations of the apparent magnitude, fSqgure and brightneſs 
of the Sun, when ſeen. by. rays. refratted in various angles through ſpherical 


phenomena, be tells us in the preface. to. his Ofticks, he endeavoured to ar- 
count for, but far want of. ſufficient obſervations, left that matter to be farther 
examined. I have alſi reduced the mathematical' matters belonging to Mr. 


 Huygens's theory of Corona's and. Parbelia, io à few: propefitions,. and de- 


monſtrated ibe conſtruction of bis. tables. And have ſbetun why Corona's or 
Halo s ahout the jun and moon, appear not circular bus avel. "RAT | 

g. This is a natural conſequence from our idea of the S, whoſe . 
Figure I have here canſidered; and taking is for @ ſogment of a ſpherical 
fur face, as it generally feems to be, baue determined the proportion of its ai- 


Aude to the diameter of its baſe ; and. from hence have deduced an adequate 


folution, of the long diſputed queſtion, why the. Sun, Moon and Confieliatrops 
appear. larger near the horizon, than at higher elevations, and in what. pro- 
portions ; which: proportions agree ſo well to our common” conceptions" of their 
different magnitudes at different elevations, as to amount to a phyſical Proof of 
the ruth of this ſolution; eſpecially as it is applicable to many other phaeno- 
mena of the ſame. kind, and is. confirmed in the Remarks by an experiment 
made upon a like appearance. ¶ have alſo offered ſome reaſons, to be farther 
examined, why the Horizontal Moon appears now: and then of a fize extra- 
ordinary large ; and * determined the proportion f moon-light to day= 
light. 

10. The cauſes ther Suggeſt our ideas of Diſtance, and the determination 
of the Apparent Diſtance of an object ſeen in glaſſes, is another famous inquiry 
of no ſmall difficulty, upon which much has been written, but with little cer- 
rainty and ſatisfaction to the curious. ] have therefore confidered this point 
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ir a very particular manner, and have ſettled it ow fuck” a\ foundation of 
reaſon and experience, as, I hope; will admit f no dt en diſpuis 
for the future. And upom the Primipie iy which I mtrodace the con/i- 
deration of apparent diſtanet into geometry, F haue not amy determined is 
in uiſßon with' any number” of glaſſes, bus by the help of Geometricat Places, 
baue foewn Kittery whole the eye, alt, ar Jyjten of gieffes 
wined ta be mme to 6þer fence. Th 

11. By che belp of the ford Principle, ard eee es 
rem invented by My. Cows, I was alſo erabled to give very general and yes 
very eaſy determinations of the Apparent Diftanee, Magnifuds, Situation, 
Diſtintneſs, Brightneſs, the greateſt Angle of Viſion and Viſible Area, that is; 
of all the appearances uf an objets feert by 'rays coming from any number of 
ſpeculums,, lens's or mediums having plane or ſpherical furfaces 5 and in 
corollaries from them to deduce the known properties of Teleſcopes and Mi- 
| croſcopes of all forts; which however are Eo Kon eee! in other 
places of the Book and Remarks. © 

12. In farther confirmation of tbr trath and extent of the Principle 
abovementioned, I have alſo applied it to one of the m diſrult ſubjeFs in 
Optic ls, upon which the beſt writers have nt yes ſucreeded. Is is to determine 
the Apparent Sbape of a large plane object, diſtorted by too oblique reflection: 
from ſpherical ſpeentums, or tov great refrattions through: ſpherical medrums, 
when viewed either by ane eye alone or both; which" in forme caſes all 
appearance very ſurprixingly, and by the bye accounts for that m 
Hect of a large concave ſpeculum in heigbrening the Nelieuo of Pictures. 

13. Laſtly, I have drawn up ſome general Theorems on purpoſe for com- 
puting the diameter of the Image of an object, whether diſtinctiy or indiſtinct- 
ly formed upon the Retina or any Jurface parallel to it; and for ſhewing its 
Properties and variations upon varying the di MHance of the object; alſo for com- 
puting the diameter, and ſhewing the variations of the ſection of a ſingle pen- 
cil cut by the retina or a ſurface parallel to it; and for deter mining the Place 
of one or more refracting ſurfaces, requiſite to transfer the rays from one gi- 
ven focus to another. 

This is a ſhort account of the general matters to be found in this Treatiſe, 
beſides collections from other authors, whoſe thoughts and words too I have 
not ſcrupled to copy for many pages together, as often as they ſuited my purpoſe ; 
and when they did not, theſe that are converſant in Books of Opticks will find, 

that 
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that * T have een e is not the worſe for baving paſſed 
through my bands. 

Imuſt nou make — acknowledgements to my Friends and Acquaintance for 
FY aſſiſtance they have been pleaſed to give me; viz. to Martin Folkes Eſq; for 
bis curious remarks on fallacies in viſion, on the ſun s apparent diſtance, on the 

apparent figure of the ſky, on the apparent curvity of the fides of long walls and 
ploughed lands, and the changes of curvity by the obſerver s motion; to John 
Hadley E/; to whom we owe the preſent perfection of reſlecting teleſcopes, for 
@ full and accurate deſcription of his manner of making the ſpeculums; to 
Mr. Mac Laurin Profeſſor of Mathematicks at Edinburgh, for bis account of 

Jome refletting teleſcopes made with glaſs ſpeculums by Mr. Short of Edinburgh; 
to Mr. George Graham F. R. S. for aſſiſting me in the deſcription of his A- 
ftronomical Sector, and of the Mural Arch in the Royal Obſervatory at Green- 
wich; and to Dr, Jurin, for his ſolution of Mr. Molyneux's problem mentioned 
by Mr. Locke, whether a perſon born blind and made to ſee when adult, could 
diſtinguiſb a globe from a cube at firſt fight ; for his remarks on fallacies of 

fight, and on the aſſociation of ideas; for his diſſertation on ſquinting ; for 
bis experiments to ſhew bow much brighter an object appears to both eyes 
than to one alone; for his ſolution of ſome ſurprizing phenomena in double 
vifion; and laſtly for his Eſſay on diſtinct and indiſtin& viſion ; which 
contains ſo great a variety of new obſervations, curious diſcoveries, and diffi- 
cult points, diſcuſſed and determined with fo much perſpicuity, penetration and 


judgment, that for a juſt idea of them the reader muſt have recourſe to the - 


Eſſay it ſelf. When he has read it and the curious pieces communicated by 
Antler. 


thoſe other gentlemen, * am ſure be will join with me in e to their od 8 | 


ERRATUM. | 
ESO v pag. 149. Col. 1. lin 10. from the l ettom, read, as che image of the diameter ſalk. 
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| theſe Preſents ſhall come, Greeting. Whereas our Truſty and Well- 
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1 Paule Treati ſee. 
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I S er | 575 = 
# -ConceRNING L1iGHT. | : 
H HOEVER has conſidered what a number * properties FT con 3 
. and effects of light are exactly fimilar to the properties of pas. 


and effects of bodies of a ſenſible bulk, will find it diffi- 
cult to conceive that light is any thing elſe but very 
ſmall and diſtinct particles of matter * : which bein inceſſantly thrown 
out from ſhining ſubſtances, and every bs th diſperſed by reflection L 
from all others, do impreſs upon our organs of ſeeing that peculiar 
motion, which is requiſite to excite in our minds the ſenſation of light. 
But for the preſent purpoſe it is ſufficient to obſerve that light con- 
ſiſts of parts, beth faccefſive in the ſame” lines and contemporary in 
ſeveral lines: becauſe in the ſame place, you may - ſtop that which 
comes one moment, and ler paſs that which comes preſently after ; - | 1 
and at the ſame time, you may ſtop it in one place, and let it paſs N A 
in another. For that part of the licht which is ſtopt cannot be che F 
ſame with that which is let paſs. 

\ 2. The leaſt light or part of light, which may be ſtope alone à ny of lebe 
31 without the reft of the light, or propagated alone, or do or ſuffer — 8 
1 any thing alone, which the reſt of the light doth not or ſuffereth 

: riot, is called a Ray of light}. That rays of light are ſtraight, is 

eyident enough from the 1 of bodies ; or from the appearance” "2 


— 


. Newt, Opt. Qu. r und | + Newton's definition. Ops p. 2f! | | | L 
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of light paſſing Brough little holes into a dark room full of duſt or 
fmoke ; or becauſe b 

ed pipe; or becauſe they ceaſe to be ſeen by the interpoſition of o- 
ther bodies, as the fixt ſtars by the interpoſitien of the moon and 


planets ; and the parts of the ſun by the interpoſition of the Moon, 


Mercury or Venus. Rays of light may therefore be repreſented by 


ſtraight lines, not Mathematical bur Phyfical, which are deſcribed by 


| the motion of the parts er particles of light 2 and point which 


a ray poſſeſſes in falling upon any ſurface may be conſidered as a 


' Phyfical Point. 


The manner 
of refieStion 
and refraction 
ef a ray de- 
{cribed. 


Eig 1. 


3. When. a ray of light falls obliquely upon a ſmoath poliſhed 
ſurface, it is turned out of its way either by reflection or refraction 
in the following manner. Imagine the paper upon which this figure 
is. drawn to be perpendicular to the. urg of ſtagnat ing water, and 
to cut it in the line RS, and that a ray of light, coming in the air 


the line PC to be perpendicular to the ſurface of the water, if the 


Big, 22 


Abgles and 
fines of inci- 
dence and re- 
fraftion what. 
Eig. 1, 2. 


Medium 
what: 


Baws of refle 


. ion and re- 
ion. what 


will not proceed ſtraight forwar 


ray be reflected, or turned back at C into: the air again, it will de- 

ſcribe a ſtraight line CB, inelined to the perpengigular CP at an an- 
gle PCB: exactly equal to 3 angle PCA. - 

But if the ray chat . goes into the water at C ir 

„ but being refracted or bent at C, it 

will deſcribe another ſtraight line CE inclined to the perpendicular C2, 

at a leſſer angle E. than the angle ACP ; and the Iine CE will always 

be ſo ſituated, that when any circle, deſcribed about the center C, cuts. 

the line CA in A and CE in E, che perpendiculars 4 D and E F, drawn. 

from A and E to the line P, ſhall always bear the fame „ 


to each other; whatever be the magnitude of the angle AC 

ter the line EF is always three quarters of . 
4. In both theſe: caſes che line AC is called the Incident Ray, CH 

the Reflected Ray, CE the Refracted Ray, C the point of ineidence, 

PC2 the perpendicular (at the point] of incidence, the angle ACP 
the Angle of Incidence, BCP the Angle of Reflection, EC. the 


Angle of Refraction; the line A the Sine of Incidence, that is, of 


the angle of incidence; and EF the Sine of Refraction, that is, of 
3. Empty ſpace, or any tranſparent body, is called a Medium:; 
*. ONES, = denſer. — proportion as they are heavier bulk for 
bulk; and their power to reſſect and retract. light is found to be great- 
ex in proportion as they are denſer, very nearly . i 

6. The foregoing properties of Reflection and Refraction being diſ- 
covered and eſtabliſhed by repeated experiments upon light and bodies 


of 


the angle of re fraction. | 


Het. Opt: p. 248-83. 


ies cannot be ſeen through the bore of a bend- 


F a Xa  z. cm c.cc.c a > 
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Caan t. Concrnininc:L1ont | | 
of all ſorts both fluid and ſolid, without any exception yet known; 
and being the —. 2 foundation of the whole ſcience of as ar 
are called the Laws of Reflection and Refraction ; and are expreſſed by 
Sir 1/ace-Newton in the — words. | 

4 


De angles of reflection refrattion e in one and the fame Firſt law. 
* with. the angle of incidence; that is, in the plane drawn through by 
the incident ray and the perpendicular at the point of incidence, as 
repreſented in the figures, -1, 2. 


8. The angle of reflection is equal to the angle of incidence. Second law. 
9. Hence it follows that the incident and reflected rays are equally Firſt conſo- 
— to che — * * — 2 and BCS Pig. . 
are 3 as A y taki U an PCB from 
honed angles PCR and PCS. ard ths 47 2 

10. It follows alſo that when the incident ray is perpendicular to Second conſo- 
the reflecting ſurface, it ſhall be reflected directly bac * the ſame TR 

icular ; as appears by diminiſhing the equal angles of incidence 
reflection till the rays AC, CB coincide. with the perpendicular CP. 
11. F the reflected or refracted ray be returned directly back to the Third law. 
point . —— it ſhall be reflected or refracted into. the ſame line 
before deſcribed by the incident ray. 1 | | 

12. Refraction out of a rarer medium into à denſer * is made to- Fourth law. 
avards the cular; that is, ſo that the angle of refraction be * N. 5- 
teſs than the angle of incidence. | 

13. The fize of mcidence, AD, is to the fine of ręfraction, E F ei- Fifth aw. 
ther accurately or very nearly in a given ratio; that is, ſuppoſing any Fig + 
other incident ray 4 C to be refracted into the line Ce, the fines _ 
ad and ef to be drawn perpendicular to P, the ratio of ad to ef 
is the ſame as the ratio of AD to EF. It is found. by experience, 
that if the refraction be made out of air into water, the | fine of inci- 
dence of red light is to the ſine of its refraction as 4 to 3: if out of 
air into glaſs as 17 to 11, or nearly as 3 to 2. In light of other co- 
lours the ſines have other ions, but the difference is ſo little 
that it ſeldom need be 9 4 a * 

14. Hence it by 5 pection 0 figures 2, 3, 4. Firſt . 
when the — Wk incidence ACP is increaſed, the . —— 
angle of refraction ECA will alſo be increaſed; becauſe the ratio of 

their fines, AD; E F, cannot continue the ſame unleſs they be both in- 

ereaſed. Conſequently if two angles of incidence be equal to each 

other, the angles of refraction will alſo be equal to each other. On 

the contrary, when: the angle of incidence is diminiſhed, the angle of 

refraction will alſo be diminiſhed ; inſomuch that when one of theſe an- 


A 2 | 15. And 


* 


— 


4 ConcsxRrniNnNG LIGHT, .*Boox . 
Second conſe- 1g,” And ſo it comes to paſs that when the incident ray coincides 
8 with rhe perpendicular to the refracting ſurface, it will proceed ſtraight 

forward into the other medium without any bending at all. 
Third conſe- 16, From which it is reaſonable enough to conclude back again, 
quence. that while the angle of — is continually increaſing, the refract- 
ed ray will be continually more and more bent and diverted from the 


Vis. 2. courſe of the incident ray produced: I mean if AC be continued to G, 
the arch EG and the angle ECG will continually increaſe: eſpecially 
conſidering that when the angle of incidence in air becomes very near- 
ly a right one, and conſequently the incident ray goes almoſt parallel 

1 to the ſurface of the water, this ray is as much bent at C into the line 

ig. 3. 


CE as the 3d figure repreſents. In which EF, the ſine: of refra- 
 aAt 13 CQion, being always three quarters * of AD, is now three quarters of 
> the radius of the circle. Hence we find “ that this angle of refraction, 
EC, is about 484 degrees: and ſo the angle ECS (being its comple- 
ment to 9o degrees). is about 414 degrees; which in this caſe meaſures 
the deviation of the ray from its firſt courſe along the ſurface of the wa- 
ter. The deviation at the ſurface of glaſs is greater than at the ſurface 
of water; the ratio of the fines being greater, that is, as 3 to 2 or nearer 
as 31 to 20. Hence we find that the angle EC is about 40 and 
EC about Fo degrees. 7 

Refration 17. The bending and deviation is the ſame when the ray goes back 
changed into again along the ſame lines EC, CA; and if an angle of incidence eCQ, 
—_— a thing greater than about 484 degrees in water, or any thing 
greater than about 40 in glaſs, this ray e C will not be refracted into 
air, but will be reflected into the line Cf, making the angle of reflection 
J equal to the angle of incidence QCe: as will appear by experi- 
ment in the ſrxth chapter. | | 1 Dh <1 
Experimental 18. The truth of. theſe laws and of all the conſequences drawn 
proof of fg from them may be eafily examined in the manner following. Upon a 
en and re- ſmooth board K L MN, about a center C with any opening of the com- 
fraction. paſſes (the larger the _— deſcribe a circle PRS; and having drawn 
Dig. 4 two diameters PQ and RS perpendicular to each other, from'the point 
P, with any opening of the. compaſſes, cut off equal arches PA, PB, 
and draw: the lines CA, CB; then ſticking three pins perpendicular 
to the board at the points A, B, C, dip the board into water as far 
as the line RS; and. holding it perpendicular to the ſurface of the 

water, look along the pins A, C; and an image of the pin B will a 
pear in the water in the line AC produced. Which ſhews that the 
ray which came from the pin B is reflected from the water, at the 
point C, along the line CA to the eye of the ſpectator. If the pin 
at. C touches the water, it will diſturb the ſmoothneſs of its ſurface; 
By a. Table of ſines. Fn Me” 


End, l. CTowornwrng Lrows. -x5 

and therefore it is better not to place it in the center, but a linle higher 

in the line CA. The event will be the fame if the reflection be made 

by any other fluid or ſolid body, as may be tryed by cutting off the 

lower ſemicircle, and by placing the diameter, RS, of the upper ſemi-- 

circle upon the ſurface of the ſolid. 8 | . 

Upon the fame board draw the line A cutting CP in D, and from 

the lines DB and CS cut off DH and CJ, each equal to three quar- 

ters of D A, and through the points H, I, draw the line HE, cutting the 
circumference in E; and the perpendicular EF drawn from E upon 

P will be equal to DH, or three quarters of DA. Then ſtick ano- 

ther pin at E, and the board being dipped into water, as before, the pin 

at E will appear to the eye to be in the ſame line with the pins at 44 

and C. Which ſhews that the ray which comes from the pin E is ſo» 
refracted at C, as to advance to the eye along the line CA; and there- 

fore when the refraction is made out of water into air, EF the ſine 

of incidence, is to AD the ſine of refraction, as 3 to 4. If other pins 

be fixed any where in the line CE, they will all appear in the line AC 
produced: and the whole line CE will appear in the water as if it were 

a continuation of AC ſtraight forward. Which ſhews that the ray 
which comes from the pin E, deſcribes a ſtraight line in the water; and 

that it is bent at the ſurface only. On the contrary, if an opportunity 

be taken when the Sun is juſt ſo high, that the ſhadow of 5 pin A 

thall coincide with the line AC, the refracted ſhadow will coincide with. . 

the line CE. Or whatever be the Sun's height, move the pin A high- 

er or lower till the ſhadow falls upon the center C, and there fix it, ſup- 

poſe at 4; then ſticking the compaſſes into any point of the refracted 
madow, take up the board, and through this point and the center C. 

draw a line Ce, cutting the.circle in a new. point e; and the ratio 
of the new perpendiculars, a d and /, will be the ſame as before; that 

is, as 4 to 3, as near as can be meaſured. | — | 

19. Laſtly it is to be obſerved, that a ray of light is reflected or This proofap- - 

refracted at a ſpherical ſurface according to the fame laws as if it were plied to ſphe- 
reflected or. refracted at a plane, touching the ſpherical ſurface at the hace. 
point of incidence. Let AC be a ray of light falling upon any point Fig. 5, 6. 
C of a ſpherical ſurface MCN, repreſented. by the arch MCN, whoſe. 
center is O; through the points O and C draw the line P, and the 
line RCS perpendicular to it, repreſenting a plane ſurface touching 

the ſpherical 1 at C. Now becauſe a ray of light is conſidered 

as a phyſical line, and is refracted or reflected at a phyſical point *, à Art. 112. 
which is common to both ſurfaces, MCN and RCS, it follows that 

the refracted or reflected ray will take the ſams cdurſe in both cafes... 
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And this argument is alſo confirmed by univerſal experience. 
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C Ar. II. 
ConcerninG CLASSES. 


Deſign. A v IN conſidered the reflection and refraction of a ſingle ray 
H at a ſingle ſurface, I proceed to ſhew how one er more pencils 
or parcels of rays are reflected and refracted, farſt by a ſingle ſurface 
alone, and then by ſeveral ſurfaces of plane and ſpherical glaſſes; and 
alſo how images or pictures of objects are formed by them. Though 
the manner and reaſon of all theſe effects of glaſſes upon light, may be 

Art. 6b. fufficiently explained by the laws or experiments above mentioned : with- 

out geometrical propoſitions; yet, I think, the exact quantities of theſe 
effects cannot be determined by ſo few experiments, without the aſ- 
ſiſtance of geometry. Therefore to avoid the uſe of it in this firſt 
book, I have added a few more experiments to the end of this chapter, 
by which thoſe quantities may be eaſily determined. | 8 

An object 20. As rays of light are inceſſantly thrown out and diſpe in all 

what and how poſſible directions from every point of a luminous body; ſo when they 

"Aus 1luminate other bodies, on which they fall, they are alſo inceſſantly 
thrown back from every point of theſe bodies. For the points of opake 
bodies ſo enlightened are viſible to the eye at any point of ſpace and 
in any point of time, as well as the points of the luminous body that 
enlightened them. The numberleſs rays which flow from all viſible 
bodies, called objects, may be methodically diſtributed in this manner, 
The ſurface of the object is conſidered as — phyſical lines, 
and theſe lines as conſiſting of | 1.0m points, and theſe points are con- 
ceived to radiate all manner of ways. Ir is uſual to make uſe of no- 
thing elſe for an object but a phyſical line. For by how much that line 
is increaſed or diminiſhed in apparent magnitude or / brightneſs: or di- 
ſtinctneſs, ſo much the diameter or length of any object, in its place, 

F would be increaſed or diminiſhed. N45 487% IT 

A focus, fer 27. The point Q, from which rays diverge, or towards which they: 

dil, Panel converge (being made to go back towards the ſame point though they 

rays What Age 1 . , 3 

Fig. 9. may never meet at it) is called their focus. And in both caſes any par · 

| cel of theſe rays, as 2 BC or BA. conſidered apart from the reſt, is 
be 


called a pencil of rays; and theſe rays are ſaid to belong to that focus, 
whether near at hand or at an immenſe diſtance; and in the latter 
caſe the rays are called, and conſidered as, parallel or equidiſtant from 
each other; becauſe the difference of their diſtances at any two given 
SJ pic Scvifgures ropartine x pede raps, hh 
RefleQtion of . 22, The repreſent a pencil of rays, whi 
2 _ . falling in Tallel lines upon a plane poliſhed ſurface, repreſented: by 


plane ſurface, the line AC B, are reflected from it into as many other parallel link, 
Ot 8 
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23. The 8 geen, ty vans . which the of a And of di. 1 
pencil , diver 5 om any point ef an object Dos and od eons a> Verging me. 4 
2 a ai it ne 1 12 93 poliſhed plane repreſented 
all diverge ies Alc as came from Ta 
7 e wh ls perpendicularly upon the 1 ent 
back again ine but all e ſting vpn ic 6 A 1% 
with greater and greater degrees of abliquiry as the points of mc 
lye farther and farther fram C are alſo reflected with degrees of * 
eſpectively greater It will ſeem reafonable cherefore, elpecial- 4. 3. 
5 attending o te figure, that che reflected rays; produced back- _ 
wards, ſhould meet the perpendicular , produced, in a point q, fi- 
tuated as far from the reflefting plane on one fide, as Q is on the other: 
and conſequently - that all the rays flowing from a ſingle point * will 
after reflection diverge from a ſingle point 2 * un equal 
the other fide of the reflecting plane. | 
24. On the contrary if q be a focus to which the incident rays are And of con- 
made to converge, by ways hereafter deſcribed, the point 2 will be their ing as. 
focus after reflection 1 from the ſurface AC B. 4 11. 

25. What has been faid of the. point 9, is applicable to every other And of ſeveral 
point of an object PN: namely that as 855 focuſes. Q, 2 lye at equal 1 
diſtances 8 fide of the reflecting plane, ſo the focuſes P, p lye on Fi. 10, 11. 
each ſide at other equal diſtances, 14 R, r at other equal diſtances, in 1s 
lines Pp, Rr, drawn, perpendicularly through the plane AB. Hence it is 
caſy to underſtand by een of the figures, that theſe focuſes p, 9, 7, 
with innumerable others, lying all in the ſame order as the corre 
ing points P, . R, compoſe an, imaginary line of the ſame length and 
ſhape as the line PR and that the ſituation of the line pgr, with 
reſpect to the backlide of che refleQing plane, is the very fame as that 

of PN with refpett to the foreſide of i it. This line pgr is called an 
hp or picture of the object PR. 

- The 14th and 17th figures ſhew that parallel rays falling UPON Reflection of 

an arch of à feflecting circle ACB, or upon a concave or convex fur- a pencil of K. 
face re en by it, are ſo teflected ag to converge to a focus 7, when 1 1 
they fall upon the concave fide of the ſurface, and to diverge from T face: 
when they fall on the convex fide. In both caſes the ray CC, which Fig. 14, 17. 
paſſes through, E, the center of the ſurface, and falls en up- 
on it at C, is reflected back again along the fame line C2; but all o- e Art. 10, 19. 
ther rays being parallel to QC fall upon the ſurface with various de- 
grees of hwy) a; 6 by reaſon. of its continued curvity.. Every ra * 15 
is more remote Fenn , makes a greater angle of incidence 


wich the 1 {aug EZ at the point of incidence; and Conequenty 
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aa Art. 8, 19. the equal a angle of reflection E AT becomes greater continually as th 

3 F is farther from C. It be ee r 

all the reflected rays ſhould con verge and convene pretty cloſe together 

about ſome certain point T of the direct ray QC, if the reflecting ſur- 

face be concave, or elſe diverge from it, if the ſurface be convex. By 

reaſoning farther, as well as by experience, it is found that in both ca- 

| ſes the focus T divides the ſemidiameter CE into tw equal parts, mY 

' Reflefion of 27. In the foregoing caſes, if the ſaid Gs T be a focus of inci- 

diverging and dent rays, the reflected rays will all be parallel to the line CTE drawn 

rays. through the center Eb. But if the focus T be removed to any point- 

Fig. 13- 9 towards E, the angles of incidence, as 9 AE, and conſequently the 

b Ar 11. equal angles of reflection, as EAQ, will all be diminiſhed; and if g. 

| be removed towards C, they will its increaſed, Conſequently the 

reflected rays, as AA, which before were parallel to the direct ray EC, 

will now be inclined to it; ſo as to belong to another focus Q fituated 

on the ſame fide of Tas g. From the contemporary decreaſe of the angles 

of incidence and reflection while q is moved from T towards E, and 

their contemporary increaſe while it is moved towards C, it follows that 

the focuſes 9, Q move contrary ways, ſo as to meet each other at the 

center E, or at the ſurface C, if the arch AC be very ſmall. It is ob- 

ſervable that the properties of concave and convex ſurfaces are juſt a- 

| like, and are changed into one another by conceiving the incident rays 

| to come the contrary way in the ſame lines produced. Sr 

Refleftion of 28. Theſe figures ſhew the manner in which the image or picture 

ſeveral pencils p qr, of an object PR, is formed by rays reflected from a concave or 

which tom. convex ſurface AC B. As the focus 9 has been ſhewn to lye in the 

Fig 19. erpendicular ray QC, drawn from 2 Tak the center E, juſt ſo the 

$0 24. 5 p, of the pencil of rays that flow from another point P, will be 

5 in the perpendicular ray P 4, drawn through the center E. For every 

ray that paſſes through the center or tends towards it, falls perpendicular- 

5 ly upon the arch or ſurface AC B, and all others fall obliquely upon it. 

Some general 29. Hence it is eaſy to underſtand that if the object P be ſo 

* £549 hag of (mall, or ſo far diſtant from the reflecting ſurface or its center E, that 

* all the points P, Q, R be nearly at equal diſtances from it, then all the 

points p, 9, r, of the image, will be nearly at other equal diſtances from 

the ſaid ſurface or its center. It is alſo to be obſerved, that when the 

object and its image lye both on the ſame fide of the center, the image 

is upright, but when they lye on contrary ſides of the center, it is in- 

verted ; and that it is greater or leſs than the object in proportion as it 

lies at a greater or leſs diſtance from the center than the object it ſelf. 

Theſe things are plain by inſpection of the figures, obſerving that the 

object and image are both terminated by two lines Pp, Rr, that meet or 

croſs in the center E. Hence it follows that the image will be Nau 
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equal to the object when they meet * each other at the ſurface, and alſo : An. 2> 


| when they meet at the center. For in this latter caſe the rays which Fig, 25. 
flow from 2, placed in the center, will be reflected directly back to-q in 


the ſame center; and taking Ep equal to EP, fince EC is ON 
Jar to them both, the angles PCE, ECp will be equal; and fo the ray 


Pd will be reflected top: and when any other point of incidence as 


A 'is not far from C, the line AE will alſo be nearly perpendicular to Pp, 
and ſo the angles PAE, E Ap being nearly equal, the ray P A will be 
reflected nearly to the ſame point p as the ray PC was reflected to. 
ks hs lch eure Kg reſe il of parallel rays fall 

zo. In the 2 ure r nts a pencil of parallel rays falling gg 
obliquely upon a ſtraight 10 AC B, or 8 a plane ſurface repreſent 1 feel. 
ed by it, which after refraction are alſo parallel among themſelves; e- mill ges- 
very one being equally bent. Becauſe when the angles of ineidence are 
all equal among themſelves the angles of refraction are alſo equal a- 
mong themſelves b. For the ſame reaſon if theſe rays be refracted again b Art. 14. 
at another plane, either parallel or oblique to the former, they will {till Fis- 26, 2. 
be parallel among themſelves after every refraction. In ſtrictneſs this 
is only to be underſtood of rays of the ſame colour: as will be explained 
in the = chapter. 3 

31. The rays of a pencil AB, diverging from Q, and falling upon Refradion of 
a ſtraight line AC B, ke a "lane furkics repreſented by 3 9 — par og 
refracted as to diverge from another point q ſituated in that ray Q (pro- raging 
duced) which falls perpendicularly upon the plane. For this ray paſſes rays. 
ftraight through the ſurface *, but all the reſt, as QA, are bent; and 1 1 
every one ſo much the more as the point of incidence A is remoter 
from Cd; becauſe the angle of incidence AE, and conſequently that d Art. 16. 
of refraction grows larger . For this reaſon all the refracted rays will e An. 14. 
diverge pretty nearly from a certain point 4 on the ſame fide f of the f Art. 11, 12 
furface AB as L. It is found by odine arguments and alſo by expe- 
rience, that if the refracting body be glaſs, the greater of the two fo- 
cal diſtances Q, qC, is to the leſſer as 3 to 2; and if it be water, as 
4 to 3; that is, in the proportion of the fines of incidence and refra- 
ction in thoſe ſeveral mediums s. On the contrary if the incident rays 8 An. 13. 
be made to converge towards q, the refracted rays will converge to Q. h An. 11. 

32. The 3oth and 31ſt figures repreſent an image pqr of an object Refraction of 
PSR, formed by a refracting plane A4 C B, in the manner deſcribed in Setz 1 
the 25th article. The ratios of Ap to AP, Br to BR, &c. are all equal. images. 

33. The 32d, 33d, 34th and 35th figures ſhew in what manner a Refraction of 
pencil of car rays falling upon an arch of a circle ACB, or upon 2 neil of pe 
a ſpherical ſurface repreſented by it, do after refraction converge to or « bexical furs 
diverge from a focus T. The ray 2C which paſſes through E, the bee 


goes 


3 Conner RRINS CLASSES: Book T. 
a Art. 15. goes ſtraight through it without refraction . But all the reſt, being 
rallel to 80. fall with various degrees of obliquity upon the furface 
by reaſon of its continued curvity; and every one of them as it is re- 
| moter from Q falls more and more obliquely and conſequently is more 
b Ar 16, and more bent*, It is reaſonable therefore that the refracted rays ſhould 
converge and convene pretty cloſe together about ſome certain point 7, 
in the unrefracted ray 2C (produced) if they bend towards that ray; 
or elſe diverge from 7, if they bend from it. Which way they are 
5 bent will appear by drawing a perpendicular EA to the ſurface. at A, 
e Art. 12. and by conſidering the poſition of the denſer medium. Hence it will 
appear that if the ſurface of the denſer medium be convex, the refracted 
rays will converge to 7; and diverge from 7, if it be concave. It is: 
found by farther reaſoning, and alſo by experience, that if the refract- 
ing body be glaſs, the greater of the two diſtances CT, TE is to the leſ- 
ſer as 3 to2; and as 4 to 3 if it be water or ice; that is, in the pro- 
portion of the fines that determine the refractions in thoſe bodies. | 
Retraction of 34. In the foregoing caſes if T be a focus of incident rays the refract. 
2 i ed rays will be parallel to the perpendicular ray TC, that paſſes through: 
converging Ed. But if this focus T be removed to. any other poiat &, in the line 
3 8 TE eee the angles of incidence and refraction will either be in- 
Fig. 36 to 39, Creaſed all together, or diminiſhed all together; and conſequently all 
d Art. 11. the refracted rays, which before were parallel to TC, will now be in- 
clined to it; ſo as to belong to another 5 Fa on the contrary ſide of 
the ſurface to Q if Abe farther from the ſurface than T ; otherwiſe on 
the ſame {ide of the ſurface. One of the chief properties of theſe cor- 
| _* reſponding focuſes Q, 9, is this that follows. Since the angles of inci- 
Art ig. dence and refraction do both increaſe or elſe both decreaſe together e, It 
follows that tke foruſes , q muſt. both move the ſame way in the line 
Fig: 35, 39 QE produced. And conſequently, while both lye on the ſame fide of 
| the farface or of its center, they muſt both move from it or both to- 
wards it; and if they move towards it, they will come nearer together, 
till they both coincide at the center or both at the ſurface, when the 
Fig. 36, 37- arch AC is very ſmall. But if the focuſes Q, 9 be on contrary ſides of 
the ſurface or of its center; while one moves from it, the other will 
move towards it; and on the contrary. CES.” 
3 Acc ne, 35. The 40th, 41ſt and 42d figures ſhew in what manner the image 
* which form Þgr of an object PR is formed by ſeveral pencils of rays, (refracted 
. ſpherical ſurface,) whoſe axes or unrefracted rays are PEp, REg, 
penal ur REr. The properties of theſe images are the ſame as of thoſe made by | 
reflection from a ſpherical ſurface, and are already deſcribed in the 29th 
| article. | ER | 
Refraction of 36. A ray of light EF falling obliquely upon a flat piece of glaſs, 


a ray through . . 
parallel plane or any medium terminated by two parallel planes repreſented by _ 
Mrfaces. | | 
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lines AB, CD, will emerge from it after both refractions at F and G Fig: 43: 

in a line GH parallel to the incident ray EF, For fince any line FG 

which the ray deſcribes in paſſing between the parallel planes, is equal- 

ly inclined to them both, it will be bent as much at G-in going for- 

ward, as it would be at Fin cs: By ha: 2; and theſe equal bend- a Art. 11. 

ings being made contrary ways, the incident and emergent rays EFand 

GH are therefore e AHN | | 

37. The lines deſcribed by the incident and emergent rays EF and Refraftion of 

GH, being produced are cloſer together when the glaſs is thinner, and * et n 

alſo when the ray falls leſs obliquely upon it; becauſe the bendings at ricyl farkzees 

Fand G are then leſs d: and in thels caſes if the glaſs be not flat but b Ar. 16. 

bent a little as repreſented in the 44th figure by two parallel arches AB, * 

CD, the lines EF, GH will ſtill be nearly parallel. For the bended 

ſurfaces refra& the ray EFGH juſt as much as two planes would do 

ſuppoſing they touched the ſurfaces at F and G“: and theſe planes e Art 19. 

will be nearly parallel when the line FG is but little inclined to the 

ſurfaces; being exactly fo when it ſtands perpendicular to them both. 

38. A thin piece of glaſs or of any tranſparent ſubſtance bounded on A lens what. 
one fide by a poliſhed plane ſurface, repreſented by the line E, and Fis-45 to 50. 
on the other fide by a ſmall portion of a poliſhed ſpherical ſurface, re- | 
preſented by the arch ACB; or bounded on both ſides by ſpherical 
ſurfaces ACB, E. DF, is called a lens or ſimply a glaſs; and is conceiv- 
ed by mathematicians to be generated or deſeribed by turning the figure 
ACBFDE round about the line-CD, drawn through the middle of 
it perpendicularly to both its fides. This line CD produced is there- 
fore called the axis of the lens; and it paſſes through G and H, the 
centers of its ſurfaces. The points C, D where it cuts the ſurfaces are 
called the vertexes of the lens, and the middle point between them is 
called its center. The 45th figure reprefents a plano-convex glaſs, the 
46th a plano-concave, the 47th a double-convex, the 48th a double- 
concave, and the 49th and ;oth two concavo-convex glaſſes, whereof 
the firſt is called a meniſcus, becauſe it reſembles a little moon. It 
muſt be remembered once for all, that the thickneſs CD of all theſe 
glaſſes is generally ſo ſmall, that it ſeldom need be confidered. : 

29. A glaſs priſm is a body, n e like a wedge, that has three A priſm what. 

edges, being bounded with two equal and parallel triangular ends ABC © 5% 
and abc, and three plane and well poliſhed ſides, which meet in three 

parallel lines Aa, Bb, Cc, running from the three angles of one end to 

the three angles of the other: and when it is 8 end ways It is re- 

preſented only by a triangle ABC, as in the 52d figure. | 8 

40. When a ray of light EFGH is refracted at F and G in paſſing , fngle ray 
through the ſides, AB, BC, of a priſm, the courſe of the emergent through a 
ray, GH, always deviates from, EF, the courſe of the incident ray, to- Pe 5 1 

« | B 2 " a wards 54. ts | 
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wards the thicker part of the priſm, more or leſs, as the refracting an- 
gle 4BC is greater or ſmaller. And if the refracting angle be given 
(or invariable) and the refractions be but ſmall, the quantity of devia- 
tion wil alſo be given, though the poſition of the incident ray be varied 
at ure. 
Ing. <2. or ſuppoſing àt firſt that the ray FG, within the-priſm, is equally 
- inclined I in ſides AB, BC, as in fig. 52, it is — a from the off. 
tion of the perpendiculars to thoſe ſides at the points F and G, that both 
2 Art-12. the refractions are made from the edge B towards the oppoſite fide AC*. 
Lig 53 Now let FG become unequally inclined to the ſides AB, BC, b 
turning it gradually into the poſition g; and while it becomes | 
and leſs oblique to one fide, ſuppoſe AB, it will become more and more 
oblique to the other fide BC. Conſequently. ſuppoſing a ray te go both 
ways along this variable line /g, it will be more and more bent in go- 
ing through the ſide BC and leſs and leſs in going back through the 
fide AB; ſo. that the total bending of the ray, conſiſting of both its 
bendings, or angles efg and fgh, taken together, will continue to be 
much the ſame in all its poſitions. The circulation of the line fg, may 
be farther continued till it becomes perpendicular to the fide 4B ; and 
Viz: 54 then the bending at this. fide is N it may alſo be continued ſtill 
farther till the bending at F is made the contrary way; which ſtill 
takes off from the perpetual inereaſe of the greater bending at g and 
keeps the total bending invariable. a 
Big: 53. When /g is perpendicular to AB, let the latter plane BC be turn. 
ed gradually towards the former BA, upon the edge B, and the ray 
that comes along fg will gradually fall leſs obliquely. upon it; and 
b Art, 14, 15. conſequently the bending at g will be gradually diminiſhed Þ; and re- 
duced to nothing when the fefracting angle ABC vaniſhes. Laſtly if 
ſeveral rays be ſuppoſed. to come parallel to one another they will all 
emerge parallel to one. another. Therefore the quantity of deviation 
of a ray does not at all depend upon its paſſage through a. thicker or 
_ thinner part of the priſm, nor upon its inclinations to the ſides of the 
priſm, but is proportioned to the quantity of the refracting angle ABC; 
and the more exactly as this angle and the refractions at its ſides are ſmaller. 
Reffactons of 41. For the ſame reaſon when a ray of light EFG H paſſes through 


—— the edge of a convex or concave lens, or the ſides of a globe, its emer- 


4 Art. 30. 


Age ofa lens. gent part G H always deviates from the courſe of the incident part EF 


Lis. 559 b towards the thicker part of the glaſs. Becauſe the refractions at Fand 
| G are the ſame as it they were made by two planes FA, G C that touch 

Art. 19- the ſpherica! ſurface at Fand G d; and ſo the ſides of the glaſs may be 
Refrattions of COnſidered as inclined to each other like the ſides of a priſm. 

a ſingle ray 42. It follows therefore from the two laſt: articles, that the deviation 
chrough re of the courſe. of the. emergent. ray, from that of the i = 
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ly diminiſhed as the ray goes nearer and nearer to the middle of 
the glaſs: till, when it goes through the middle, its emergent and in- 
cident parts are either parallel to each other, or elſe are one continued 
line, when the ray coincides with the axis of the glaſs. For the angle 
made by the touching planes, FA, GC, is gradually diminiſhed as the I 
ray FG approaches to the middle: till at laſt it vaniſhes when they be- * 
come parallel, as in the 36th article. 5 

43- When a pencil of rays falls upon any glaſs, that ray which paſ- This ny is 
ſes through its center, or middle point, is called the axis of the pencil. (7... and 
And becauſe its incident and emergent parts, EF and GH, are either is called the 
one continued line or two parallel lines , its whole courſe in optical 8 H Pen- 
experiments may be always taken for one ſtraight, phyſical line: from . ar. 4z- 
which it differs inſenſibly when the thickneſs of the glaſs is ſmall, and . 
when the pencil falls not too obliquely upon it. Becauſe the parallel 
lines EF and G H produced, go cloſer together in proportion as the line 
FG is ſhorter, and as the bendings at F and G are ſmaller. 

44. All rays, as EFG H and efgh, which croſs each other in a re- Rays are e- 
fracting globe and paſs through it at equal diſtances from its center, ſo ni bent | 
as to touch a concentrick globe, are equally bent. For in this caſe the equal diſtances 
chords FG, fg being equal, their abliquities to the ſurface of the globe — 
are alſo equal, and conſequently the bendings of the ray EFG Hat F pig. 11, 74. 
and G, both ſeverally and together, are equal to the bendings of the . 
ray Aue and g: as is evident by copceiving the rays to go both ; 
ways along the.chords FG, fg. Therefore the angle made by the in- 
cident. and emergent parts of one ray, produced till they meet, will be 
equal to the angle made by the incident and emergent parts of the o- 
ther ray produced till they meet; which is. what I mean when I ſay 
the rays. are equally bent. 5 I 5 STRAT: 

45. All rays, as EFGH, efgh, which croſs each other at any given And from the. | 
point of a lens, or which paſs through, it at equal diſtances from its fan. 
center, are equally bent, provided they do not fall very obliquely up- Fig. 72, 73. 
on it. Imagine a line FG within the glaſs, at firſt to be equally in- 
clined to its ſides, and then to be turned a little about any point of it, 
till it comes into the poſition fg; and while it becomes more and more 

oblique to one fide of the 81 ſuppoſe F, it will become leſs and 
leſs oblique to the other fide Gg. Conſequently if a ray be ſuppoſed. 
to go both. ways along this variable line fg it will be more and more 
bent in going through the fide Ff and leſs and leſs bent in going through 
the other fide Gg: ſo that the total bending of the ray conſiſting of b Art. 16. 
both its bendings, or angles efg, fgh, taken together, will continue to 
be much the ſame in all its 3 The circulation of the line fg. 
about the given point, may be farther continued till the bending at g 

is diminiſhed to nothing; and ſtill farther till it be made the contrary 
| | | way z 
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way; (as was explained in the 4oth article ;) which till takes off from 
the perpetual increaſe of the greater bending at f and keeps the total 
invariable. To keep the ſame bending it is only neceſſary that the rays 
FG, fg ſhould keep at equal diſtance from the axis of the lens as near 
as poſſible: and nothing alters the total bending but the alteration of 
A Art. 40. that diſtance :; becauſe the inclination of the tangent planes, like the 
©. refraQting angle of a priſm, will then only be altered. | 

* of, 46. When a large pencil of parallel rays falls either directly or a lit- 
7 rays tle obliquely upon the whole ſurface of any glaſs, which is thicker in 
by ny gab. the middle than at the edges; all the emergent rays will be bent from 
8 2 85, 86. all ſides towards that ray which goes through the middle of the glaſs: 
7 and on the contrary, if the glaſs be thicker at the eges than at the 
Art. 41. middle, they will all be bent outwards from the middle ray*. And 
becauſe in both caſes the bendings are equal at all equal diſtances round 
about the middle ; and grow greater at greater diſtances from the mid- 
< Art. 49, dle; the emergent rays will all converge pretty nearly to ſome certain 
point F in the middle ray, if the glaſs be convex; or diverge from a 

| certain point F, if the glaſs be concave. 1 od 
Refraction of 47, When parallel rays come contrary ways an upon oppoſite 
— 5 20 845 of any Ran the diſtances of the 88 bf the 3 Ta. from 
trary ways. each fide of the center of the lens will be equal; though the ſemidia- 
meters of the ſurfaces of the lens be never ſo unequal, or though one fide 
be plane and the other ſpherical. For fince any two rays which come di- 
rely oppoſite to each other, are at equal diſtances from the common 
axis of the pencils, and after croſſing each other and emerging from 
4 Art. 44, 48. the glaſs, are equally bent from their firſt courſes, theſe two emergent 
= PR. (produced) will meet the axis at equal diſtances EF, Ef from the 
cus, ard focat center Of the glaſs. When the rays come parallel to the axis of the 
diſtance, what. lens, their two focuſes F, F are called the principal focuſes of the lens: 
and EFor Ef is called its focal diſtance, and by ſome authors its focal 


Refraction of Jength. 
a fingle pencil. 48. On the contrary if the rays be returned directly back from the 
of diverging focus F, the emergent rays will all be parallel to FE, the axis of the 
5 pencil e. Conſequently if this focus F be removed to Q, farther from 
any gl. the glaſs, the emergent rays will belong to another focus g on the con- 
Fig. 75 t092. trary fide of the glaſs; but if Abe put nearer to the | whe than F, the 
A 11. | emergent rays will belong to a focus q on the ſame fide of the glaſs as 
3 . while the rays are put into theſe different ſituations their 
| bendings will not be altered, if they keep their reſpective diſtances from 
F Art. 44, 45- the center of the glaſsf. Conſequently if either of the correſponding 
focuſes VP q be put in motion along the axis of the pencil, either di- 
re& or oblique, the other focus will move the fame way: and there- 
fore if theſe focuſes be on contrary ſides of the glaſs, while one _ 
| towar 
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towards it the other will move from it; but if they be both on the — 
ſame fide of the glaſs, they will both move from it or both towards it; 
and will come nearer to each other as they come nearer to the glaſs, 
till when one coincides with its ſurface the other will do ſo too very 
nearly, 3 the glaſs be very thin and the diſtance of the ray from 
its axis be very ſmall. Theſe focuſes cannot therefore coincide at the 
ſurface of a globe, becauſe the points of incidence and emergence are 
too far aſunder. 
It is obſervable that the properties of concave ſurfaces and glaſſes 
are the ſame as of convex ones; which will appear by conceiving the 
rays to come contrary ways in the ſame lines produced; and according- 
ly to be changed from diverging to converging, and on the contrary : 
as repreſented in the figures, by the black lines and pointed lines. | . 
49. If ſeveral focuſes Q, R of incident rays be at any equal diſtances, Refraftions of 
E, ER from the center of any glaſs, the focuſes of the emergent rays 3b. ogg 
will alſo be at other equal diſtances Eq, Er from the fame center in the and converg- 
lines EQ, ER produced; provided none of the rays fall very oblique- f "2% 
ly upon the glas. Take any point A within the glaſs, not far from 10. 
its axis 2g, through which a ray paſſes from the focus to the focus 
q. Draw the line AE and while the figure AE is: conceived to- 
turn a little about the center E, into the poſition R BEr, the extremities 
of the lines E, EA, Eq will deſcribe ſmall arches QR, AB, qr about 
that common center E. Then let another ray which belongs to the fo- 
cus R be refracted through the point B, and after emergence it will be- 
long to the point r; becauſe the total bendings of two rays, Q Ag, R Br, ._ 
which paſs at equal diſtances, AE, BE, from the center of the glaſs, 
are equal a. And the reſt of the rays that belonged to R will belong to a Art. 44, 45. 
the ſame point 7; becauſe it is ſituated in the axis of the penoil.*.. b Art. 46. 
50. Hence the focuſes of all pencils of parallel rays that fall not too Refrattion of | 
obliquely on the ſame or on oppoſite ſides of any. glaſs. are equidiſtant era! pencils 
from its center. For the argument continues the ſame while the equal — | 
diſtances Eg, Er, are equally increaſed till they become infinite, that Fig. 97, 98. 
is till the rays of each pencil become parallel. 25 
51. Hence if Q, the focus of incident rays be given, and q, the fo- Hving the 
cus of the emergent rays be required, draw QE, the axis of the E — — wo 
eil, and with the center E and ſemidiameter E E, equal to the. | 
diſtance of the lens, (to be found by experiment, ) deſcribe-an arch FG * | 
cutting any incident ray, 2.4, in G; join EG and drawing Ag paral- gent rays. 
lel to it, the point q where it cuts the axis of the pencil will be the fo- Fig 101 to: 
cus of the emergent rays. For ſuppoſing other rays, beſides G A, to 
flow from or towards G, they will all. emerge parallel to their axis GE 


produced. e At. 503 
| 2. The 


4 


Refraction of 
rays through 
ſeveral ſurfa- 
ces otherwiſe 
conſidered. 
Fig. 105 to 
4109. 


Art. 31. 


Fig. 110. 


Images form- 
ed by a flat 
piece of glaſs. 
Fig. 111, 112. 


Images form- 
ed by a priſm. 
Fig. 113- 
S Art. 40. 


c Art. 25. 


Fig, 114, 
415, 116. 
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52. The refraction of a pencil of rays through all ſorts of glaſſes may 
alſo be conſidered in this manner. By the refraction at the firſt ſur- 
face AB the rays are diſpoſed within the glaſs to converge to or diverge 
from a focus T ; which may be conſidered as the focus of incident rays 
upon the ſecond ſurface by whoſe refraction they are all directed to 
another focus F. For example, {et Q be the focus of incident rays 
upon a glaſs priſm; QC perpendicular to its firſt fide AB. To QC 
add QT, equal to half QC; and T will be the focus of the rays 2.4, 
QB, &c. after refraction at the ſurface ABA; and being alſo the focus 
of incident rays at @ and 6 upon the ſecond ſurface 46, from Te drawn 
perpendicular to ab take away 79 equal to a third part of Tc; and 9g 
will be the focus of the emergent rays q a, q b produced. 

Hence the focuſes of incident and emergent rays at a priſm, lye 
always very nearly at equal diſtances from it; provided the refractions 
and the refracting angle be but ſmall. For then the perpendiculars TC, 
2 are _ equal; and in glaſs Q and qc are two thirds of them re- 

tively. 

2 on when, the planes AB, ab are parallel, TC and Te coincide ; 
and Q is one third of Cc, the thickneſs of the glaſs. 

53. An image pgr, formed by a flat piece of glaſs AB ba is upright, 
parallel and equal to the object, PR, and lyes on the ſame fide of 
the glaſs as the object; but nearer to it by a third part of the thickneſs 
of the glaſs: becauſe we have ſhewn that the focuſes p, q, r, of the ſeve- 
ral pencils. that flow from P, Q, R, lye ſo much nearer; in the lines 
PA, YC, RB, drawn from the ſeveral points of the object, perpendi- 
cular to the glaſs. | . 

54. An image formed by a priſm is always upright, and equal to the 
object, and lyes on the ſame fide of the priſm, and at the ſame diſtance 
from it as the object it ſelf: provided the refracting angle of the priſm, 
and the refractions made by it, be but ſmall. Take two rays, PE, 
QE, which coming from the extremities of the object, paſs through a 
point E, ſo near to the angular point of rhe refracting angle, that the 
diſtances between their points of incidence and emergence need not be 
mentioned. And fince che total bendings of the rays PEN, QE O are 


equal, they will croſs each other, ſo as that the angle P EQ will be 


equal to the angle NEO or to pEq, made by the e rays pro- 
duced backwards: and becauſe the diſtance Ep of the focus p, of the 
pencil that flowed from P, is equal to EP, and in like manner the 
focal diſtance Eg equal to EQ; the image pq will be upright and e- 
Kon to the object and at an equal diſtance on the ſame fide of the 
- | | 

The ſame things might have been proved, by conceiving two rays 
PA, W to go from the extremities of the object either parallel to 

one 
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one another or ſo as to croſs at any point E. Becauſe the emergent rays 

(produced) will accordingly be parallel, or will croſs at another point , ar. ze. 

eon the ſame ſide of the priſm, and at the ſame diſtance from ir as Ee; b Art. 52. 

and will alſo make equal angles at E and e, as they did when they croſſed 

at the angular point of the priſm. 3 e Art. 40. 
55. Theſe figures repreſeut the manner in which an image of an ob- Images form- 

ject is formed by ſeveral pencils refracted through a glaſs of any fort, d glaſſes 
And becauſe the axes P Ep, 2E9g, REr of the ſeveral pencils go, in a Pie 270 

manner, ſtraight through the center of the glaſs, the properties of 125. 

theſe images, are the ſame as of thoſe which are made by retraction or 

by reflection at a ſingle ſurface, and deſcribed in the 29th article. Ex- 

cept that the image of an object which touches a globe does not coin- 

cide with the object it ſelf, but is ſituated at a diſtance from it, for the 

zeaſon given at the end of the 48th article. According to theory the 

image of a circular arch will be nearly circular d; but when the object q Art. 44. 
and image are ſmall and are placed at a conſiderable diſtance from the 

glaſs, the difference in their 1 will be inſenſible in phyſical mat- 

ters whether they be conſidered as circular arches or as ſtraight lines. 

Eſpecially eonſidering that all the rays of a pencil do not croſs preciſe- 

ly in a ſingle point of its axis, but in ſeveral points which make up a 

{nfible part of it; as will appear by the following experiments. 

$56, When rays of light fall upon any rough unpoliſhed ſurface of an Refettions 

opake or tranſparent body, they are not reflected or refracted regularly, aud retraction 
according to = laws and properties of poliſhed ſurfaces, bur are ſcat- \,jihed furs 

tered every way alike from the inequalities of the rough ſurface in the ce. 

ſame manner as if they were emitted from a ſelf- ſnining ſubſtance. 


A deſcription of ſome eaſy experiments, by which the truth of the fore- 


going —_— es of glaſſes may be readily examined, and ſome others be 
diſcovered. 


57. Let the light which flows from a point A and paſſes through a I. 
ſquare hole bcde be received upon a plane, BCDE, parallel to the | pam 
plane of the hole ; or if you pleaſe ler the figure BD be the ſhadow of che breadths 
the plane d; and when the diſtance AB is double of Ab, the length of a pencil are 
and breadth of the ſhadow BD will each be double the length and hender 
breadth of the plane bd; and treble, when AB is treble of Ab; and ſo focus. 
on F, which may be eaſily examined by the light of a candle placed Fis: 126. 
ho 

58. Therefore the ſurface of the ſhadow BD, at the diſtance AB Hence the 
double of Ab, is diviſible into four ſquares, and at a treble diſtance, in- denſity — 
to nine ſquares, ſeverally equal to the ſquare d, as repreſented in the Cd 
figure. The light then which falls upon the plane bd. being ſuffered upon a given 
to paſs to a double diſtance, will be uniformly ſpread over four times Fang 3e m© 

C 


ciprocally as 
E the ſquares & 


Pd 
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Is cifiances the ſpace, and conſequently will be four times thinner in every part of 


_ body. that ſpace, and at a treble diſtance it will be nine times thinner, and 
at a quadruple diſtance fixteen times thinner, than it was at firſt; and 
ſo on according to the increaſe of the ſquare ſurfaces bc de, BCDE 
&c, or of the ſquare ſurfaces Ag, AB FG, &c, built upon the diſtan- 
ces Ab, AB, &c. Conſequently the quaarities of this rarified light re- 
ceived upon a ſurface of any given ſize and ſhape whatever, removed 
ſucceſſively to thoſe ſeveral diſtances, wiltbe but one quarter, one ninth, 
one fixtecnth, of the whole quantity received by it at the firſt diſtance 
Ab. Or in general words the denſities and quantities of light, received 
vpon any given plane, are diminiſhed in the ſame proportion as the 
fquares of the diftances of that plane, from the luminous body, are in- 
creaſed: and on the contrary, are increaſed in the ſame proportion as 
. thoſe ſquares are diminiſhed. For the lights of the ſeveral points of the 
body, which ſeverally follow this rule, will compoſe a light which will. 
ſtill follow the ſame rule. RS 
Equal parts af 59. When the perpendicular ſubtenſe BC of a ſmall angle BAC is 
22 divided into any number of equal parts BH, HI, IC, the lines, HA, 
angles at the TA, drawn from the points of diviſion to A, will divide the angle BAC: 
Eig. 127, into the ſame number of parts, which will be nearly equal among them- 
| ſelves. For they would be ſo exactly if the line BC was an arch of a 
circle, drawn upon the center A; from which it differs ſo much the 
leſs as the angle at A is ſmaller; and fo the propoſition is exacteſt in the 
| fmalleſt angles. | PERS 
Small angles 60. When the diſtance A is double or treble of Ab, the ſubtenſe 
ſubtended BC will be double or treble of the ſubtenſe 4c of the ſame angle at A. 
je are reci- Divide BC into its parts BH, HI, IC, each equal to bc, and the rays 
3 its HA, IA, will divide the angle B AC into as many equal parts b. There- 
the eye. fore when two angles & Ac, BAH are ſubtended by the ſame or by e- 
2 Art. 57. al lines bc, BH, the magnitude of the firſt angle Ac, will be to 
b Art. 59. the magnitude of the ſecond B AH, as the ſecond diſtance BA to che 
| firſt diſtance 6 A. | 
. 61. Take an hollow globe of glaſs, or inſtead of it a thin round flaſk 
——— or decanter, and making a moderate round hole, about an inch broad, in 
the fogal di- a piece of brown paper, paſte it on one fide of the belly of the decan- 
led ter; and having filled it wich water, hold the fide that is covered, to 
and of glaſs. the fun, that the rays falling perpendicularly upon the hole, may on 
23g- 107 through the middle of the water; and the emergent. rays will be colle&- 
ed to a focus, whoſe neareſt diſtance from the decanter will be equal to 
a ſemidiameter of the belly of is: as will appear by receiving the rays 
upon a paper held at that diſtance. That this effect is owing to the re- 
fraction of the water and not at all to that of the glaſs ſhell, appears to be 
reaſonable by the 37th article; and will appear ta be fact, by trying the 


* 
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| experiment over again with the empty decanter. For the light paſſing 
through the hole, being received upon a paper, will be as broad as the 
hole it ſelf at all diſtances of the paper from the decanter. If the like 
experiment be tryed with a ſolid globe or ball of glaſs, the diſtance of 
its focus from the neareſt part of the ball will be one quarter of its dia- 
meter. 

62. Things remaining as before, paſte a piece of thin white paper III. 
upon the ſide of the decanter oppoſite to the hole in the brown paper; Experiment. 
and when the light of the ſun, which comes through the round hole, TIED 
falls upon the white paper, meaſure its breadth, GH, with a pair of com- refradtion 

aſſes; and it will be nearly equal to half the breadth, AB, of the hole only. 
in the brown paper. Which ſhews that if the converging rays AG, BH. 
were permitted to go ſtraight forward in a body of water continued far 
enough, they would convene at a focus, T, whoſe diſtance DT, from 
the neareſt point of the ball, would be about half* of, CT, its diſtance a Art. 55. 
from the remoteſt point; and conſequently would be equal to the dia- 
meter CD; and therefore CT-is to TE as 4 to 3, as was faid in the 33d 
article. If the white paper be paſted on the back fide of a ſolid glaſs ball, 
the diameter GH of the circle of light will be found equal to one third 
part of AB; conſequently the rays AG, BH, converge to a focus T IP 
whoſe diſtance from D is one third * of its diſtance from C; that is, CT b Art. 57. 
istoTDas 3 to 1 and canſequently CT is to TE as 3 to 2, as was faid 
in the 33d article. If the experiment be tryed with a lighted candle pla- 
ced at a great diſtance; while the candle approaches to the ball, the 
breadth of the ſpot G H will increaſe continually ; which ſhews that the 
focus T goes from the ball, and ſo it confirms the 34th article. 

63. Having covered either fide of a convex glaſs with paper, in which ry. 
there are ſeveral ſmall holes made with a pin, and having expoſed the Experiment. 
glaſs directly to the ſun, the rays which paſs through the holes will ap- e e df. 
pear like ſo many white ſpots upon a paper held pretty cloſe behind ſtance of a cos 
the glaſs; and theſe ſpots will come cloſer together as the paper is gra- fi bos 
dually drawn back from the glaſs till at laſt they all unite in one ſpot © 1 
or focus. The diſtance of this focus from the glaſs may therefore be 
meaſured, and will not be ſenſibly altered by turning the other ſide of 
the glaſs to the ſun, nor by wy home it a little to the incident rays d; e Art. 47. 
and provided this ſmall inclination be ſo made as not to move the mid- d A. 50. 
dle point of the glaſs, the focus or ſpot upon the paper will not be 
ſenſibly moved. Which ſhews that the axis of the oblique pencil conti- 
nues ſtraight as before. If the paper be drawn farther from the glaſs, „An. 3. 
the ſpots will recede from each other. | 

64. If a concave lens covered in like manner be expoſed to the ſun, 8 
the 7 light which come through the holes and fall upon the pa- To meaſure 
per 


the glaſs, will continually recede from each other as the fx foe: dt 


C 2 | Paper cave lens. 
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a paper is gradually removed from the glaſs. Which ſhews that the emer. 
f | gent rays continually diverge from a focus ſituated before the glaſs, 
| - - Fig-106. When thediſtance 206, of any two ſpots from each other, is double the 
diſtance 4B, of the two correſponding holes in the cover, through 

which they came; the diſtance Ey, between the paper and the glaſs, is 
then equal to its focal diſtance EF*; and by this means it may be mea» 

ſured. 8 | 

By theſe experiments it will be found, that the focal diſtance, EF, 


of a plano-convex or of a plino-concave glaſs is equal to a diameter of 


2A. 57. 


us convex or concave ſurface, that is, of the whole ſphere it belongs to: 


which proves the 33d article by holding the plane fide of the glaſs per- 
pendicular to the incident rays, that they may paſs through it unrefract- 
ed. Secondly, that the focal diſtance, E, of a double-convex or double- 
concave glaſs, of equal convexities or concavities, is equal to a ſemi- 
diameter of either of its ſurfaces: and. conſequently that the focal di- 
ſtance of a glaſs of unequal convexities or unequal. concavities will have 
an intermediate length between a diameter and a ſemidiameter of that 
ſurface which is maſt convex or moſt concave. For if a glaſs of equal 
convexities or concavities be conceived to grow gradually flatter on ei- 
ther ſide till it becomes quite flat, its focal diſtance will grow gradually 
u Art. 40, 41- longer, till at laſt it becomes a diameter of the remaining ſurface, as 
was ſaid above. 

The like experiments may be tryed with a concave or a convex look- 
ing-glaſs covered with a paper ſtuck full of holes, to confirm the 26th 
article. ö | 

VI. 65. Having found the focal diſtance, EF, of a convex glaſs and fixed 
Experiment- it flat againſt a moderate hole made in a thin board CE, placed upright 
relationofcon- UPON a long table or floor; through the point C, directly under the mid-+ 
jugate focuſes dle of the glaſs, draw a long line AB perpendicular to the board; in 
— . which meaſure the focal diſtance of the glaſs from C to F and from F 
cuſes. to I, I to II, II to III, &c; and alſo on the other fide from C to f and 

Bis 128. from / to 1, 1 to 2, 2 to 3, &c; then taking , 4, 4, &c. of the focal 
| diſtance, ſet them off from F towards I and alſo B towards 1, and 
put the figures 2, f, 7, to the points of diviſion, as in the ſcheme ; — 
| I 


4? 


aving darkened the room, if a candle be placed at Q over the mark 

the rays which paſs through the glaſs will be united at q upon a paper 
held over the oppoſite mark 1; and removing the candle to II and the 
paper to 2, the rays will be united here alſo; and likewiſe when the 
candle and paper are removed to III and 3, IV and + &: and the ef- 
fect will be the ſame if the paper and candle be tranſpoſed into each o- 
thers places: which confirms the 48th article. Beſides, it appears that 
J varies reciprocally as F varies; that is, it decreaſes in the ſame 
proportion as FY increaſes, and on the contrary, 


* n K ? 7 1 
| | | * Ge : — 
cars * - 1 4 | : 
= ny | 
— N | 
Ms — 40 8 
8 % "x »4 = — , ** 
4 * % — * wal. 2 
4 « 21 4 RR? 
1 2 5 1 1 - * 2 | 5 4 
9 * k | | 
— — | | 
* x 
pe - f 
| ns”. 
7 | | 
. A 27 4 | ; 
: : T — | 
2 — ö 
= - | 
— «4 7 
* | 
— ak | | 
- 
, - X 
* hos 5 
; | \ - 
1 | 
1 
; þ 3 : 
2 4 n ; | 
P | 
- - i * E ; | 
= | 5 | | 
| *® t " 
. 
” 2 | | 
cy 
. : | 
a, | 
* | p 3 3 | 
— 7 8 5 | 
4 7 | | 
- —_- — N d | 
1? - | A | 
* A | | 
- [ | 
4 | - 
. ; 
I = - 
— — % . 
BB 7 
* | 
| : — 
| | | 
5 | | 
. . | 
. . : | | 
, | 
| 
[ 
- g 1 T 
= | | | | 
11 
. 
134 | = a: 
a 1 
6/40" TE. N 
2 
4 | 
R ? a 
4 | 
9 
„ | 
— p * % | | 
—- : | | 
; * 
i ; | 
4 9 . | 
* # y - 
F 
; 75 1: 
| | —— m— * 
— — | | 
ez | £ | | | 
| | - — * 
g To | | 
- : Y 8 
- 
* 
—— — | 
* - 4 5 f 
' * 
— | A 
220 
: 1 4 
—8 * „ * * 
13 . ET 2” — . 1 { : ” 
„ , b —— | | | 
— — —ä—— — | 
_—— —— — 2 ** . d : : : \ 
-- — —— . | | | 
: 
N 
** - 
q2 "aa N | | 
LY 
. 
* i | 
* 
— - | 
; |; . 
* 
* 
| } 
| * 
* - 
* 
= 
= 
* ; a 
| . 
* ae 
f br 
mY 
1 78 ' 
| 12 
” | 
1 
4 
be | 
ft *% 4 


* 


Y . a N v | \ ” _ a; tel 
* ** 47 ow AX 1 


en gr. 2. PROVED BY EXPERIMENTS 24 | 
. 66, Things remaining as they were, when a ſecond candle is placed VII- 
on either ſide of the firſt at the ſame diſtance from the glaſs, the union He 
of its rays will make another image upon the paper 9, on the contrary inverſion and 
fide of the axis QEꝗ; and the diſtance between the two images will be magnitude of 
found to bear the ſame proportion to the diſtance between the candles 
as the diſtance of the images from the glaſs, bears to the diſtance of the 
candles from the glaſs. Theſe obſervations confirm the reaſon why the | : 
image of a ſingle candle is inverted upon the paper; and why its mag- | 
nitude is altered when its place is altered. Becauſe what has been obſerv- 
ed of two candles is applicable to any two points of the ſame candle; fo 
that the deſcriptions of images in the 55th article is. ſufficiently illu- 
ſtrated by this experiment. And what has been tryed with a convex lens 
may alſo be tryed with a concave looking-glaſs placed at the hole in the 
board. | | 
67. If the rays of the ſun or moon or of a remote candle, which are VIII. 
made to converge to a focus q by a convex lens E, be intercepted by a FPeriment- | 
looking-glaſs AB, they will be ſo reflected from it, as to converge to a ges of objects 
focus Cat an equal diſtance before the looking-glaſs to that of 9 behind en upright 
it. This may be examined by bowing a piece of white paper at Q to re- om. 
ceive the W rays. Therefore if the reflected rays be ſuppoſed to go Fig. 129. 
directly backward, that is, from Q towards the n AB, they 9 
will be reflected from it ſo as to diverge from ; which proves the 23d 
and 24th articles. If the convex-glaſs be placed in a hole of a window- 
ſhutter, and the room be darkened, the 13oth figure ſhews how images 
of external objects, as PR, which are ſeen inverted upon a paper held 
upright at pr, may, by reflecting them downwards upon a paper held 
horizontally at @'ze, be viewed upright, when the ſpectator's back is 
turned towards the lens. 
68. Whatever be the ſhape and magnitude of the hole in the pa IX. 
that covers part of a lens, the ſhape and magnitude of the picture of an fe 
object will be the ſame as when the lens is uncovered; becauſe any ſmall dg of 
of a pencil of rays has the ſame focus as the whole: but the bright- brightneſs and 
neſs of the picture will be diminiſhed in proportion as the hole in the ®n*nc6 of 
cover is diminiſhed ; becauſe the quantity of light which illuminates e- TY 
very point of the picture is diminiſhed in that proportion. If the lens be 
very thick and broad, by this diminution of its aperture the diſtinctneſs 
of the picture may be ſenſibly improved. Becauſe the rays which fall 
upon the margin of ſuch a glaſs are not refracted exactly to the ſame | 
points as thoſe which fall nearer the middle of it: which will be mani« x. 
feſt by the next experiment. Experiment. 
69. When the light of a candle or of the ſun is refracted through a 9 
globe, or through the belly of a round decanter filled with water, and formed q 


falls upon a table cloth, or upon a piece of white paper held parallel and _ 


VETY Fig. 131. 
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Fig. 132. 


very near to the axis of the light; the luminous figure there formed ig 


bounded by two bright curves, called cauſticks; which in going from 
the globe approach towards one another and to the axis of the pencil, 


till they touch it and there make a ſharp angle, whoſe point is the focus 


.of the pencil. | 


From the brightneſs of theſe curves it will appear, by inſpection of 


the figure, that they are formed by the ſucceſſive interſections of every 
ray with the next to it, taken in ſucceſſive order from one ſide of 


the globe to the other; and conſequently that the brightneſs of the pa- 
per within the curves, and its darkneſs without, is cauſed by a multi- 
rude of interſections of rays within, and by none at all without. 

It will alſo appear by the figure and pofition of the cauſtick, that eve- 
ry ray croſſes the next ray in a point of the cauſtick before it cuts the 
axis. For if every ray croſſed the next ray in a point of the axis, they 


muſt all croſs it in one and the ſame point; and fo the figure of the 
light upon the paper would conſiſt of two bright angular ſpaces, bound- 


Fig. 133. 


Fig 131. 


ed not by curves but by ſtraight lines that croſs in the focus; and con- 
ſequently each angular ſpace, at equal diſtances on each ſide of the fo- 
cus, would be equally bright; which is contrary to experience. 
And if every ray croſſed the next ray, after it had cut the axis, theit 
ſucceſſive interſections would form a bright curve, which would have a 
ſharp angle at the focus as before; but would diverge farther and farther 
from the axis in going from the globe, as repreſented in the figure; 
which is alſo contrary to experience. It is manifeſt then from the ſhape 
and poſition of the cauſtick, that every ray croſſes the next ray before it 
cuts the axis; and alſo that the focus of the pencil is that point of the 
axis where the neareſt rays cur it; and that the rays in the incident 
cil, which lye farther and farther from the axis, cut it in ſeveral points, 
that lye farther and farther from the focus. 


An imaginary 70. Therefore ſince the total bending of a ray is not altered, while it 
.cauſtick form- paſſes at equal diſtances from the center of the globe, and conſequently 


ed by a globe 
or by a cylin- 
.der. 

Fig. 134. 
Fig. 135. 
Fig. 136. 


Fig. 137. 


touches a circle concentrick to it, it follows, that while the candle i: 
moved gradually towards the globe, the neareſt rays to its center, on op- 
poſite ſides of it, will firſt become parallel to the axis, and preſently af- 
ter will diverge from a point behind the candle; then the next rays to 
theſe, on oppoſite ſides of the center, will alſo become parallel to the 
axis, and after that will diverge from another point of it, ſomewhat 
farther behind the candle than the former point, from which the near- 
eſt rays diverged; and ſo on. Conſequently when the emergent rays di- 
verge, each contiguous couple being produced backwards, will cut the 
axis before they croſs one another; and theſe ſucceſſive interſections, 
from whence each Etouple diverge, will form an imaginary cauſtick, be- 
ginning with a ſharp angle at the focus, and receding from the axis, in 
going backwards from the globe. | 71. A 
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H AP. 2. PROVED BY EXPERIMENTS. : 27 

71. A large pencil of rays refracted through a convex lens is alſo Caufticks 

ormed into a cauſtick, or ſome part of a cauſtick adjoining to the fos. ned by 
us of the lens; and extending from it more or leſs according as the lens Fig. 138, 139. 
is compoſed of larger or leſſer ſegments of the ſpheres whoſe convexi- | 
ties it Now For conceiving two planes AB, a6 to cut off two oppoſite Fig. 131. 
ſegments ACB, ac from the globe, where the rays paſſed through it, 
their refractions through the ſegments, when joined. together, will be- 
much the. ſame as when they were ſeparated by the middle part of the. 
globe that lay between them; and conſequently the cauſticks formed by 
the lens and by the globe will have like 1 | 

The truth of this deſcription of cauſticks, may be farther confirmed 
by covering one fide of the globe or of a broad convex lens, with a large 
circle of brown paper, whoſe diameter has a row of pin-holes made in it 
at any equal diſtances from ene another. For the ſpots of light which 
came through theſe holes, will appear upon a white paper, at equal di- 
ſtances from one another, when the paper is held perpendicular to the 
rays and near to the glaſs. But while it is withdrawn from the glaſs, the 
intervals between the exteriour ſpots will grow leſs than the intervals be- 
tween the interiour, and will ſooner unite. 2 

72. On the contrary if the ſame cover be put upon a concave lens, And by a con- 
while the paper is drawn from the lens, the intervals between the exte- Fig. 
riour ſpots will grow larger than the intervals between the interiour : 
which ſhews that the exteriour rays diverge from points that are nearer 
the concave, than thoſe from whence the interiour rays diverge. But 
this experiment will not ſucceed with common concave glaſſes made for 
Mort-fighted perſons: they are not concave enough, nor broad enough, 
nor thick enough to make this effect ſenſible. 

73. It appears by theſe real and imaginary cauſticks, that the exteri- The bendings 
our rays of a pencil are gradually roo much bent; or, which is the ſame — 
thing, the inter iour rays are gradually too little bent, to belong all to- 
gether to a ſingle point after refraction; and conſequently the angles of 
incidence of the exteriour rays are too large for that purpoſe, both at the 
firſt and ſecond ſurface of the globe or lens. 

74. Conſequently the like cauſticks muſt be formed by the refractions Cauſticks 
of a pencil of rays at a ſingle ſurface; only theſe cauſticks will approach — --»< ta 
flower towards the axis than the former, or recede from it ſlower ;. be- fingleſpherical 
cauſe every couple of contiguous rays has now but a ſingle refraction to Price. 

them converge, or but a ſingle refraction to make them diverge. © *” wy 

75. And it is demonſtrated in the next book, that the rays of a large Andby a plane 
pencil, refracted by a ſingle plane ſurface, will alſo diverge from t 9 "I 
points of an imaginary cauſtick; which begins at their focus and re ; 
from the ſurface, when the refractions are made out of a rarer into a den- 


ſer medium; and accedes towards it, when they are made out of a den- 
ſer into a rarer, - | 76. The 


Fi . 


* 
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A cauſtick 76. The 145th figure repreſents the ſhape of a cauſtick formed by 


THR da the ſucceſſive interſections of the contiguous rays of a large pencil, re- 
' ſpherical or flected from a concave ſurface, either ſpherical or cylindrical. Such cau- 
wg 3 ſticks may be ſeen upon the ſurface of milk, or upon any opake whitiſh 
 tace. mixture of liquors contained in a white china-cup, or upon the bottom 
of a ſnuff-box, whoſe rim is well poliſhed, when the light of a candle 
or of the ſun or of a remote window ſhines upon it. 
Another chu, 77. While the points of incidence keep fixt, imagine all the lines de. 
Po p ſcribed by the reflected rays to accede towards the center, till they u- 
Center of the Nite at the focus of the pencil; and ſuppoſing the rays to go backwards 
concave. in the ſame lines, after this ſecond reflection they will all recede from 
50 SEE. 4. their former focus and accede towards the contrary fide of the center: 
and the exteriour rays, whoſe firſt interſections with the axis were far- 
£ theſt from the center, will now come neareſt to the oppoſite fide of it”, 
So that when the luminous point is placed between the principal focus 
and the center, another cauſtick will be formed beyond the center. 
2 78. Therefore while this luminous point is moved gradually towards 
* fm the ſurface, when it comes to the principal focus, the rays that are near- 
the concave. Eſt to the axis will firſt become parallel to it, and preſently after will di- 
718 140,147, verge from a point behind the concave; then the next rays to theſe will 
"4" 149 alſo become parallel to the axis, and after that will diverge from ano- 
ther point of it, ſomewhat farther behind the ſurface than the former, 
from which the neareſt rays diverged. Conſequently each couple of re- 
flected rays, which lye contiguous, being produced backwards, will cut 
the axis before they meet one another. And theſe ſucceſſive interſections, 
from whence each couple diverge, will form an imaginary cauſtick be- 
hind the concave, beginning with a ſharp angle at the focus and reced- 
ing from the axis in going from the ſurface. | 
An imaginary 579. While the points of incidence keep fixt imagine all the interſe- 
gather Home ctions at the axis in the 149th figure to be ſhoved to the focue Q. as 
che convex in the 150th figure, and let rays diverge from it upon the convex fide 
2 che ſur- of the ſurface; and the reflected rays produced will all ſeparate from the 
4 former focus , ſo as to form an imaginary cauſtick, and the remoteſt rays 
3 from the axis, whoſe interſections were ſhoved the fartheſt towards the 
5 ſurface, will accede the neareſt to it after reflectiond. 
A generalobb 80. In all theſe cauſticks by refraction and reflection at plane and 
e "3 cy {p erical ſurfaces, the concourte of two contiguous rays (produced) lyes 
arther from the focus, and from the axis, according as their points of 
incidence are farther from the axis. It is obſervable that a pencil of rays 
| reflected from a plane ſurface will form no cauſtick at all, becauſe they 
e Art. 23. diverge 3 from a ſingle point e. c 
No ſpherical 8 1. From what has been ſaid it appears that a ſpherical ſurface, hav- 
Agure can re, ing every where the ſame degree of curvity, can neither reflect 3 


o 


CHAP.2, PROVEABY EXPERIMENTS. -"M 


fract all the rays of a large pencil to a ſingle point; and that a ſingle ſur- raysto a fingle 


face fit for this purpoſe muſt grow ſtraighter or flatter gradually in go- 


ſide of a lens be ſpherical, it is not ſufficient that the other be plane, but 
it muſt be convex in the middle, to ſhorten the focal diſtance of the mid- 
dlemoſt rays, and muft become concave towards its circumference, to 
prolong the concurrence of the outermoſt rays; as repreſented in the 
152d figure. Nevertheleſs the middlemoſt rays of a pencil are crowded 
ſo cloſe together by reflection and refraction at ſpherical ſurfaces and 
lenſes, and the outermoſt rays are ſcattered ſo thin upon a plane paſſing 
through the focus perpendicular to the axis, that the confuſion they 
make in picture, by mixing with rays of other pencils, is ſeldom ſen- 
ſible when the glaſs has a moderate a e. And ſince the unequal de- 
grees of refrangibility of rays of different colours (to be explained in the 
6th chapter) makes far greater aberrations from the focus, than thoſe 
that are made by the ſphericalneſs of the figure, it would be to little 
purpoſe to give glaſſes any other figure than ſpherical; eſpecially conſi- 
dcring the great difficulty there would be in the mechanical operation. 


r 


CONCERNING THE EYE AND MANNER OF VISION, 


82. 4 NONSIDERING what has been ſaid in the 33d and 35th arti- Aeg 


placing a pellucid hemiſphere ABC to ſerve for the fore part, and ano- Fig. 15g. 


cles, one might contrive a tolerable eye in this manner, by 


ther concentrick one Dqg E, oppoſite to the former, to ſerve for its bot- 
tom or back part; cul ng = ſemigiameter, Og, of the latter triple 
the ſemidiameter, OB, of the former; and then by filling the whole ca- 


vity of both with water. By this means rays of light flowing from the 
points P, Q, R, &c, of remote objects, after refraction at the ſurface 


ABC, will be collected to as many other points p, 9, r, of the cavity 
DE, and paint an image upon it. And becauſe a ſpherical ſurface does 


point. 
ing from its axis*, as repreſented in the 151ft figure; and that if one-2 Art. 73, 


76. 


/ 


not accurately retract all the rays of a large Hees to a ſingle point b, b Art. 82. 


but only thoſe that go pretty near its axis;, this imperfection might be 
remedied by covering e baſe AC, of the leſſer hemiſphere, all but a 
moderate hole about the center O; which would anſwer the purpoſe 
much better than if the ſurface it ſelf was covered, all but a hole in the 
middle about B. For in this latter caſe the ſurface ABC would not re- 
ceive rays from the lateral points P, R, ſo directly as thoſe from the 


middle of the object, to all which it is expoſed alike when the hole is 


left open at the center O. 
„ Opuſcula Poſtuma. 1124. 
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to the natural 
eye. 


Big. 154- 


An human eye 
deſcribed. 


26 CONCERNING THE EY BOOR 7. 
83. Though this conſtruction of the eye appears not amiſs at firſt 
ſiglit, yet we ſhall fee preſently that the author of nature has wiſely va- 
ried ſome things for the better, and added others abſolutely neceſſary; 
though in every thing we cannot perceive his defigns. In the firſt place 
be would not make uſe of an intire hemiſphere ABC, but retaining 
the middle part, has taken off pretty much from the ſides, and yet with. 
out contracting the compaſs of objects taken in at one view. The reaſon } 
af this was to bend inwards the edges of the larger hemiſphere about M 
and E, thereby reducing the ſhape of the eye to a rounder figure, for 
the convenience of its motion every way in the cavity that contains it. 
He has therefore given it ſuch a ſhape, as is expreſſed in this other figure, } 
repreſenting an human eye diſſected through its axis, all the parts being 
twice as big as in the life to render them more conſpicuous. | 
84. Here the tranſparent parts of the coat called the cornea is ABC; 
the remainder ATYC being opake, and a portien of a larger ſphere. 
Within this outward coat anatomiſts diſtinguiſh two others; the inner- 


| moſt of which is called the retina, being like a fine net compoſed of the 


a Art. 73, 80. 


The cryſtal- 
line makes all 
ictures di- 


fibres of the optick nerve T woven together, and is white about the 
arts p, 9, r, at the bottom of the eye. The cavity of the eye is not fil- 
ſed with one liquor, but with three of different ſorts. That contained 
in the outward ſpace ABCOEGFDO is called the aqueous humor, 
being perfectly fluid like water; the other contained in the inward ſpace 
EpgrDFG is alittle thicker like the white of an egg, and is called the 
vitreous humor; the third humour FG is ſhaped like a lens of unequal 
convexiries, lying between the two former, and fixed to the fide.coats by 
filaments or threads extended all round it, and is called the cryſtalline 
humor, being hard like the white of an egg boiled, but as clear. as the 
other two, and differs from them in a greater degree of refractive power; 
whereby the rays that came from the points P, & R, having received a 
degree of convergence by the refraction of the cornea ABC, are made 
to converge a little more by other refractions at the ſurfaces of the cry- 
ſtalline FG; ſo that uniting in as many other points p, 9, r, upon the 
retina, they repreſent the points of the object P, Q, R from whence 
they came. And perhaps the rays are ſo directed by theſe ſecondary re- 
fractions at the cryſtalline, as to fit the cavity per intended to receive 
them; which otherwiſe, muſt have been a portion of a larger ſphere?, 
according to the fictitious deſign in the former figure. . 
85. Beſides this there was greater need of the lens FG upon another 

account; namely to help the eye to conform it ſelf for ſeeing objects 
diſtinctly at all diſtances, which was wanting in the fictitious eye. There 
are two ways of doing it by the help of this lens FG, in order to ſee 
things near at hand; either by-moving it nearer to the outward cornea, 
or by increaſing its convexity, or perhaps by doing both at once. If it 
is 


141 


CHAP. 3. AND MANNER OF VISION. 25 
is moved towards the cornea, this may be effected by the preſſure of the 
muſcles againſt the ſides of the eye, and conſequently againſt the vitre- 
vus humor; but if the eryſtalline alters its figure and becomes rounder 
for ſeeing near objects, the filaments DF, EG, whoſe greater tenſion 
helps to flatten it, may perhaps be ſlackened by the lateral preſſure a- 
foreſaid; and poſſibly both theſe alterations are made at the ſame time. 
The hole or pupil O is not placed in the center of the cornea ABC, as 
in the fictitious eye, but ſomewyhat nearer to its front. The reaſon is un- 
certain, unleſs this alſo may contribute to make the images coincide 
with the cavity of the retina, (in all their parts,) which otherwiſe muſt | 
have been ſhaped according to a larger ſphere *. a Art. 73, 36. 

86. The diameter 4 of the ſphere of the eye is about an inch of the Some dimen- 
Rheinland foot, which is much the fame as the old Roman foot: and n ea 
the diameter of the outward cornea is about three fifths of an inch; the 
breadth of the pupil, O, has no fixt meaſure, being greater or ſmaller, 
as any one may try, accord ing as leſs or more light ſhines upon the eye; 
it alſo contracts at the near approach of any ſmall object, when we en- 
deavour to view it diſtinctly. Its fabrick is admirable in this reſpect that 
while it alters its ſize it preſerves its roundneſs*. So far Mr. Hugens 2, 
to which I add ſomething from Sir 1/aac Newton 3. 

87. This account of the eye and of the cauſe of viſion is farther con- p;aures onthe 

firmed by: theſe arguments; that anatomiſts when they have taken off retina the 
from the bottom of the eye that outward and thickeſt coat called the cue af van. 
dura mater, can ſee through the thinner coats the pictures of objects 
lively painted thereon. And theſe pictures propagated by motion along 
the fibres of the optick nerves into- the brain, are the cauſe of viſion. 
For according as theſe pictures are perfect or imperfect, the object is 
ſeen perfectly or imperfectly. If the eye be tinged with any colour (as 
in the diſeaſe of the jaundice) ſo as to tinge the pictures in the bottom 
.of = eye with that colour, then all objects appear tinged with the ſame 
colour. 

88. If the humours of the eye decay by old age fo as by ſhrinking to Confiſcd pi: 
make the cornea and coat of the cryſtalline humour grow flatter than due _ 
before, the light will not be refracted enough, and for want of a ſuffi- how cauſed, 
cient refraction will not converge to the bottom of the eye, but to ſome an — 
place beyond it; and by conſequence will paint in the bottom of the pig. 155. 
2 confuſed picture; and according to the indiſtinctneſs of the picture 

e object will appear confuſed. This is the reaſon of the decay of ſight 
in old men, and ſhews why their fight is mended by ſpectacles. For the Fig. 156. 
convex glaſſes ſupply the defect of plumpneſs in the eye, and by increaſ- 
ing the refractions make the rays converge ſooner, ſo as to convene di- 


1. See this accounted for in Mr. Cheſelden's anatomy p. 319. 3d. Ed. 
2 Dioptrica prop. 31. 1 pag. 12. 


2 ſtinctly 


28 CONCERNING THE EYE BOOK „. 
ſtinctly at the bottom of the eye, if the glaſs has a due degree of con- 
vexity. | 
Tonfuſed pi- 80 And the contrary happens in ſhort- ſighted men, whoſe eyes are 
—— too plump. For the refraction being now too great, the rays converge 
dow cauſed and convene in theſe eyes before they come at the bottom; and therefore 
1 the picture made in the bottom and the viſica cauſed thereby will not 
glaſſes. be diitin&, unleſs the object be brought ſo near the eye as that the place 
Fig. 157. where the converging rays convene may be removed to the bottom *; 
a At 34 48. or that the plumpneſs of the eye be taken off and the refraction dimi- 
Eig. 158. niſhed by a concave glaſs, of a due degree of concavity; or laſtly that 
by age the eye grows flatter till it comes to a due figure. For ſhort- 
ſighted men ſee remote objects beſt in old. age, and therefore they are ac- 
| counted to have the moſt laſting eyes. So far Sir Jaac Newton. 
The pupil of go. In determining the magnitude of pictures upon the retina, only 
1 one ray in each pencil need be conſidered; becauſe when the 1 18 
as a point. diſtinct, all the rays in any one pencil are collected to one and the ſame 
s point of the retina. Or, which is much the ſame, we may ſuppoſe the 
pupil of the eye contracted to a point: and, for greater ſimplicity and 
; eaſe of the imagination that this point O is a little hole at the center of 
Fig. 153. a dark, hollow hemiſphere Dę E, admitting only ſingle rays ſtraight 
through it without any refraction at all. For then the lengths of theſe 
pictures pg r will increaſe and decreaſe as the angle p Or does, or as the 
angle POR does; which I am going to ſhew. to be the property of the 
b Art. 91. natural eye b: and if the ſemidiameter 0g, of this hollow hemiſphere, be 
about Jof an inch, or of the axis of an human eye, the pictures of the 
c Ar fame objects will always have the ſame bigneſs in both ſorts of eyes*, very 
| nearly.. 
_— 4 The diameters or lengths of the pictures af objects upon the re- 
pictures on the , a . 
retina are as tina are meaſured by, or proportionable to, the angles which the rays that 
the ang'es1u> come from the extremities of the object do make in falling on the eye; 
abject it the Provided thoſe angles be but ſmall. For let two or more objects PQ, and 
eye: M, either parallel or oblique to each other, ſubtend the ſame angle 
12-15% PO or wOxat O; and becaufe the particles of light flowing from 
P and w deſcribe the ſame line P O, they will be refraded to the 
' ſame point p upon the retina; and in like manner. thoſe that flow from 
2 and x will be. refracted to the ſame point ; and ſo the pictures pq of 
the objects PA, , which ſubtend the ſame angle at O, are the ſame 
in magnitude ; which was the firſt thing to be proved. 
Naw the piQures of objects painted upon the retina of. a dead eye are 
found by experience to be perfectly well ſhaped and proportioned. in 
dlArt 87 their parts d; that is, the proportion of the parts pg, qr, of the whole pi- 
| cture pgr, is the ſame as that of the parts PQ, , of the whole ob- 
xa PM; and this latter proportion is very nearly the ſame as. that — 


* 
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the angles PO2, OR ſubtended by tlie parts P, QR* ;'and fo the Art. 39. 
propoſition is proved when the objects P., M are both at the ſame di- 
{tance from the eye. And fince it was ſhewn juſt before, that the ob- 
jects P2 and T « have the ſame picture pg, it follows that the propor- 
tion of the pictures of the objeas wx and QR is tie ſame as that of 
the angles Ox, OR, ſubtended by them at the eye. 

92. When an object approaches towards the eye, the diameter of its 8 nh 
icture upon the retina increaſes in the fame proportion as the diſtance jul: ofthe 
tween the eye and the objeQ decreaſes; and on the contrary, it de- object from 

creaſes in the ſame proportion as that diſtance increaſes, For the dia- We ee. 
meter of its picture increaſes in the ſame proportion as the angle in- 
creaſes, which the object ſubtends at the eye“; and this angle, when * * 9+ 
ſmall, increaſes in the ſame proportion as the diſtance between the eye 4. 60 
and object decreaſes”. 2 

93. The degree of brightneſs of che picture of an object painted up- Brighmeb of 
on the retina continues the ſame, at all diſtances between the eye and Nd by: the 
the object; provided none of the rays be ſtopt by the way, and that the diſtance of the 
pupil does not alter its aperture. For inſtance, when the eye approaches 2 
as near again to the object, the picture upon the retina becomes dou- 
ble in length and double in breadth, and conſequently quadruple in ſur- 
face; for the ſurface would be double, if its length alone or breadth 
alone was double. The quantity of rays received through the ſame aper - 
ture of the pupil, at half the diſtance from the object, is alſo quadru- 
ple d; and being equally ſpread over four times the quantity of ſurface d Art. 58. 
of the retina, they are. juſt as denſe as before when the object was at 
twice the diſtance. '- 

94. It follows then that the faint appearance of remote objects is ow- Faintneſs of 
ing to the opacity of the atmoſphere, which hinders part of their light — of 
from coming to the eye. Accordingly we find that the ſun, moon and how cauſed. 
ſtars appear very faint when near the horizon, and brighter continually 
as they riſe higher; becauſe the tract of vapours, which lies in the way 
of the rays, is longeſt and thickeſt near the horizon ; and becomes thin- — 
ner and ſhorter as the objects riſe higher, and conſequently does leſs ob- 
ſtruct the paſſage of the rays. 

95. The ſenſibility of the eye, or its power to diſcern objects, without Their — 
inconvenience, by different quantities af light, is vaſtly extenſive. For by Tight 
inſtance, the diſproportion in the quantities of light, caſt upon the ho- and moon- 
rizon by the ſun and moon, at any equal altitudes, I find is no leſs than go light com. 
thouſand to-1, when the moon is full; or no leſs than 180 thouſand ® * 
to 1, when the moon is in the quarters. And the proportion between 
thoſe parts of the lights of the ſun and moon, whatever they be, which 
are reflected to our eyes from the ſame object by day and by night, can 
hardly be different from the proportion of the whole lights. * 
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then that the aperture of the pupil may poſſibly be 8 or g times leſs by 

day thanchy night, (that is about 3 times leſs in diameter,) yet the pro- 

portion in the quantities of day- light and mœon- light, received by the 

eye from the ſame object, to illuminate a picture of the ſame bigneſs, 

will be no leſs than 20 thouſand to 1, when the nights have a middle 

degree of moon-light; I ſay no leſs, becauſe the numbers here given are 

deduced from a rule, which is built upon this principle; that the moon 

reflects all the light received from the ſun ; which cannot be true, by 

reaſon of the appearance of very large obſcure places in her body; and 

in all probability a great part of the incident light is buried and loſt even 

in the brighteſt places. 

| The rule I mentjoned is this, day-light is to moon-light as the ſur- 

face of an hemiſphere, whoſe center is at the eye, to the part of that 

ſurface which appears tg} be poſſeſſed by the enlightened part of the 

moon: ſo that the wholegeavens covered with moons would only make 

day-light. This will be evident enough from the following conſiderations, 

though I invented it another way. Day-light is made by innumerable 

reflections of the ſun's rays from all ſorts of bodies till at laſt they come 

to our eyes: for if this were not ſo, we could ſee nothing in the world, e- 

a Art. 2. ven in the day time, but the ſun and ſtars and ſelf-ſhining ſubſtances?. 

Accordingly we find that day-light is much the ſame, whether the ſun 

ſhines out or not, in the place we are in; becauſe his light is reflected to 

us from a vaſt quantity of earth, air and clouds extended all round us, 

perhaps to a hundred miles or more. So that the abſence of the ſun's rays 

from a particular place ſcarce alters day- light. Another thing is that the 

moon by day appears like a cloud in the air of a middle degree of bright- 

neſs; ſome appearing duller and ſome brighter than the moon it ſelf. 

The rays of the ſun being therefore intercepted in the night from all the 

viſible-clouds, and being reflected to us by the moon only, it follows 

chat day-light is to moon-light, as the apparent ſurfaces of all the viſi- 

| ble elouds, to the apparent ſurface of the viſible part of the moon, con- 

ſidered as the only cloud which remains enlightened. And theſe two 

lights, whatever be the diſtances of the moon and clouds, are juſt the 

fame as if thoſe bodies were all placed at any equal diſtances from us, 

b Art. 93. and compoſed the ſurface of an hemiſphere * ; whoſe parts are the true 
b meaſures of the 3 of the light which comes to us. 

And confrm- 96. A vaſt diſproportion between the lights of the ſun and moon ap- 

en wan pears alſo by experiments made with burning-glaſſes; either by refra- 

burning - Ction of the rays through very broad lenſes, or by reflection from very 

:Palles, broad concave-glaſſes or metals: which by collecting the rays of the ſun 

into a ſmall round image at the focus, do excite a more violent heat and 

burn quicker than the hotteſt wind-furnaces : as appears by their melt- 

ing and calcining the hardeſt metals, and by vitrifying brieks and ſtones, 

in 
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in much leſs portions of time than a minute. Yet the rays of the moon 
being collected by the ſame glaſſes, do not excite the leaſt ſenſible heat; 
nor do they ſenſibly affect the niceſt thermometer, when caſt upon the 
ball of it *; though the brightneſs of the light be very ſenſibly increaſed. 
By meaſuring the breadth of the round image at the focus, and by com- 
paring it with the breadth of the glaſs it ſelf, it appears that ſome of theſe 
burning-glaſles collect the incident rays into a ſpace about 2 thouſand 
times leſs than they poſſeſſed at their incidence. But by the preceding 
calculation, the light of the full moon muſt be condenſed about 90 
thouſand times*, to make it as denſe and as warm as the direct rays of a Art. 95: 
the ſun. It is no wonder then that the heat of the moon's rays. is not 
ſenfible in the focus of the glaſs, being then even 40 or 5o times thin- 
ner than the direct rays of the ſun. For it is found by experiments made 
with theſe glaſſes that the degrees of heat are proportionable to the den- 
ſities of the rays: which being compared with a ſcale. of the degrees of 
heat and warmth of ſeveral natural bodies, determined by Sir I/aac Neu- 
ton, in the philoſophical tranſaQtions 3, it appears there is a vaſt diſpro- 
portion between the degrees of light which the eye can bear and be ſen- 
=_ _ and the degrees of its heat which the. touch can bear and be ſen- 
ſible of. 

97. Dr. Hook aſſures us that the ſharpeft eye cannot well diſtinguiſh Viſion limited 
ee, in the heavens, ſuppoſe a ſpot of the moon's body, > 4 the bande 0 
diſtance of two ſtars, which ſubtends a leſs angle at the eye than half a ſtance. 


— 


— 


an inch at moſt; and this may he called a ſenſible yu of the retina. 


98. The apparent magnitude of an object is a quantity of viſible ex- Apparent 


2 . tude to 
tenſion, meaſured by, or propottionable to, the angle which the two“ rays che naked eye 
1 defined. 
1 Phil. Tranſ. abr. by Loawth. Vol. 1. Pp 211. and by Fones Vol 4. p. 190. b Art. 90. 
2 Ibid. Loautb. p. 213. and Mem. de Acad. Roy. des Scien. ann. 1705. p. 455. 80. | 


3 Ns. 270. or Fones's abr. Vol. 4. part. 2. p. 1. It. Mem. de VAcad. an. 1703. P. 233. 
4 Auimadverſions an Hevelii machina cœleſtis p. 8, 
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Fas that come from the extremities of the object do make in falling on the 
eye. For the extremities of the object are ſeen in the directions of theſe 
| rays; and in proportion as they make a greater or ſmaller angle at the 
-a Art. 91. eye, the magnitude of the picture upon the retina is longer or ſhorter *; 
and conſequently cauſes a ſenſation of a greater or ſmaller viſible exten- 
ſion ; conſiſting of a greater or ſmaller number of viſible points, anſwer- 
ing to the number of ſenſible points of the retina *, of what magnitude 

ſoever theſe points are ſuppoſed to be. 
How it varie. 99. The apparent magnitude of any given object is reciprocally as 
its diſtance from the eye: that is to ſay when the object approaches to 
the eye, its apparent magnitude increaſes (in proportion) as its real di- 
ſtance decreaſes; and on the contrary, it decreaſes (in proportion) as 
that diſtance increaſes. For the apparent magnitude of an object was de- 
fined to be a quantity of viſible extenſion proportionable to the angle 
Art. 98: which the object ſubtends at the eye, and chi angle increaſes very near- 
ly in proportion as the real diſtance between the eye and object de- 

d Art. 60. creaſes d. 

When called 100. The apparent magnitude of an object ſeen by the naked eye, in 
de oppoſition to its apparent magnitude ſeen through glaſſes, and for ſhort- 
3 neſs of expreſſion, is often called its true magnitude. And in ſpeaking of 
the apparent magnitude of an object I always mean the apparent magni- 
rude of its diameter, or of its length or breadth, or of any principal line 


Of it, and nogef its ſurface or ſolidity, unleſs it be particularly ſpecified. 


b Art. 97. 
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Apparent di- 101. x V ſmall object or point of an object, ſeen by refracted or re- 

—— / flected rays, appears ſomewhere in the direction of that line, 

fined. whic viſual ray deſcribes after its laſt refraction or reflection in 
falling upon the eye. | 

gn In the experiments to prove the laws of reflection and refraction e, 

oe the pin at B, ſeen by a ray reflected from the water, appeared ſome- 

where in the line AC produced, which the viſual ray BCA deſcribed 

after reflection at C, when it advanced to the eye. And as the whole line 

CE appeared lifted up by the refraction at the water, as if it had been 

a continuation of the line AC ſtraight on, ſo if a pre oar be in part 

immerſed obliquely in water, it appears crooked, as if the part immer- 

ſed was broken at the ſurface, and lifted higher. For this part of the oar 

is ſeen in the direction of rays which are bent downwards by refraction 

at their emergence from the water, and conſequently advance to the 

eye as if they came from a place in the water which is higher than the 

Teal place of the oar. In like manner any point P of an object ſeen 15 

; | the 
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the ray PAO twice refracted, either by paſſing through the edge of a Fig. 160 10 
priſm, or of a concave or convex lens, or through the ſides of a globe or 
decanter, or of a drinking glaſs filled with any tranſparent liquor; or 
ſeen by a ray PAO refleaed from a plane or ſpherical looking-glaſs, ap- 
pears to the eye at O, ſomewhere in the direction of the laſt refracted or 
reflected ray AO. Laſtly an object P viewed by OW at O, through a pig. 172. 
multiplying glaſs, appears at one view in as many, different places, p, pf, 
p2, fituated in as many different direct ions O A, OB, OC of the laſt re- 
tracted rays: produced, as the glaſs has different ſurfaces DE, EF, FG 
differently inclined to the oppoſite ſurface DH. For theſe ſurfaces, lKe 
ſo many different priſms, give the viſual rays PLAO, PKBO, PLCO 
ſo many different bendings at I and A, K and B, L and C, and make 
them fall, upon the eye at O in as many different directions AO, BO, 
CO. And in all theſe inſtances when the reflecting or refract ing ſurfa- 2 Art. 40 
ces of the water or glaſſes are ſhaken by the wind, or otherwiſe, the 
objects ſeen by reflect ion or refraction appear to ſhake and tremble ; be- 
cauſe, the laſt directions of the yiſual rays are ſhaken and varied by thoſe 
motians. ' + TO enn 92” 53 | 
Now the reaſon why. an object or point of an object appears always 
in the dired ion of the laſt refraded or refleaed ray, is, becauſe the place 
of its picture upon the retina is the ſame as it would be if the object was 
really removed from its proper place into the direction of that ray, and 
was ſeen by direct rays. And having no ſenſation of the previous refle- 
dions or refrad ions of the rays mp glaſſes, but only of their action 
upon a certain place of the retina, we. form the ſame judgment of the 
place of the object as we uſed to do in the more common caſes of direct 
viſion. How we know and judge of the place and poſition of an object by 
the place and inverted poſition of its pidure upon the retina, will be 
ſhewn,in the next chapter; wherein it will appear to be entirely the ef- 
fect of experience. AE T | 
102. It is manifeſt from what has been ſaid, that any point P of an App = 
object P ſeen by refract ions or reflections; appears ſomewhere in the fle point, 
Iine O, drawn from the correſponding point p of its laſt image to the determined. 
eye at any place O. Becauſe all the rays which flowed from P do after : — 160 ts 
the laſt refraction or refled ion flow from or towards the correſponding 7 — 
point p of the laſt image. The reaſon why J ſay the laſt image will be 
mentioned in the 8 % i e e ir e + 
103. It is alſo manifeſt why an object ſeen by refracted or reflected Their appe- 
rays appears ſometimes upright and ſometimes inverted. For when the n 
refracted or reflected rays AO, CO, have the fame ſituation with reſpect 
to each other, as two rays that come directly from the ſame points of 
the object to the eye, theſe points will appear in the ſame ſituation with 
reſpect to each other in both * But f the rays that come from theſe b ar. 101. 
Fe | points 
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points ſhall have eroſſed each other before they arrive at the eye, 

| will then have a contrary ſituation to that of two rays eoming Groen 

| | from the ſame points to the eye; and conſequently theſe two points. 

« Art. 101. will appear in the glaſs in a contrary ſituation *, And one may add that 

| | : in the former caſe, the picture upon the retina of the ee have the 

ſame poſition, though not the ſame magnitude, as if the glaſs was re- 


— 


ö moved, and will have a contrary poſition in the latter caſe. 
ö Apparent 104. The apparent magnitude of an object, P, ſeen by refracted or 
magnitude 2. reflected rays either upright or inverted, is a quantity of viſible exten- 
| 44 x go. Hon, meaſured by the angle, HOC, which the two * rays, AO, CO, that 
5 | came from its extremities, P, Q, do make, after their leſt refraction or 
; reflect ion, in falling on the eye. Or in other words, the object appears 
reater or ſmaller in proportion as that angle AOC is greater or ſmaller. 
Becauſe its extremities appear in the directions of the laſt refracted or 
e Art. 101. reflected rays OA, OC; and alſo becauſe irs piaure upon the retina is. 
greater or ſmaller in proportion as theſe rays conſtitute a greater or ſmal. 
ler angle at the eye 4. | GO SALT e | 
And deter- 105. Therefore the apparent magnitude of an object, P, is alſo mea. 
mined. ſured by the angle pOq which its laſt image pq ſubtends at the eye. 
For the lines 40, p are but one line continued, and fo are CO, O, and 
therefore the angles 40 C, pOg are the fathe when the image lies before 
the eye, and are equal when it lies behind it. * | 
How it varies. 106. Hence the apparent magnitude of an object increaſes and de- 
 ereaſes in proportion as the eye approaches to or recedes from its laſt 
e Art. 99. image, (juſt as if it was a real object e,) placed either before or behind the 
eye. For when the image is fixed, the angle pOg, when ſmall, increaſes. 
f An. 6. in the ſame proportion as Oꝗ deereaſes, and on the contrary .. 
When invarij- 105. Hence if the laſt image be removed to an infinite diſtance, that is, 
— if the object be placed in the principal focus of a lens, ſphere, or con- 
rig. 173. to 8 K . 
176. cave looking-glaſs, its apparent magnitude to the eye at any place what- 
| ever will be invariably the fame; and equal to its apparent maghitude 
ſeen by the naked eye, ſuppoſing it put into the place of the center of 
the e, lens, or reflecłing concave. For fince all the rays of any one 
pencil, are parallel to its. axis PE, the angle CO A, which meaſures 
the apparent magnitude at any point O, is every where equal to rhe an- 
gle Pat the center E. 3 We 5 
Klg. 177,178. The apparent magnitude of the object will alſo be invariable where- 
| ever it be placed, when. the eye is fixed at the principal focus of any 
glaſs which makes parallel rays conyerge to the eye. For conceiving 
them to flow back again from the eye to the object, they will fall up- 
on the ſame points of the object from whence oy came while it 1s 
moved in any place along the axis of the glaſs: and no other rays but 
theſe can ret urn from the fame points of che object to the eye _ 
| | place: 
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lace: therefore the ſeveral parts of the object will always be ſeen un- 
der the fame angie, and _conſequently.will appear of the ſame;magoi- 

%% %%% A SO oo 1 a 104. 
10s. The apparent magnitude of an object feen by reflected or re- Compared ts 
fracted rays being meaſured by the angle which its laſt image ſubtends e mag 
at the eye t, and its apparent magnitude to the naked eye in any place b Art. 105. 
being meaſured by the angle which the object it ſelf ſubrends at the eye 
in that place e, it follows that the former apparent magnitude is to the © A*t- 97- 
latter, as the former angle to the latter angle. For the meaſures of things 
and the things meaſured by them are proportionable. 
log. Conſequently the apparent magnitude of an object ſeen in a glaſe, When equal | 
will be equal to its apparent magnitude to the naked eye in the ſame © de due. 
lace, if 5 was removed, Firſt, when the object touches any thin 
ens or any ſingle ſurface. For the image is then equal to the object | 
and coincides with it 4. Secondly, when the eye touches any thin lens or d At. 55. 
any reflecting ſurface. For then the ray PAO will paſs from the object 
to the eye through the middle of the lens very nearly, and therefore be- 
ing almoſt ftraight * will make nearly the ſame angle with the axis as © Art. 4. 
an untefracted ray would do: and when the point of incidence, A, co- 
incides with C at any reflecting ſurface, · the incident and reflected rays 
PA, AO, produced, will alſo make equal angles with the axis or per- 
pendicular Qt; and fo che object. will appear under the ſame an f Art. . 
it would do to the naked eye turned, about. Thirdly, when the: eye is at 
the center of a reflefting concave. For then the incident and reflected 
rays PA, AO will coincide with the direct ray PEs, and conſequent- g Ar. 10. 
ly will make the ſame angles with the axis. Fourthly, when the objed - 
is at the center of the reflecting concave. For then the reflected image 
is alſo at the center and is equal to the object b. Fifthly, when a ray com- Fe 165167. 
ing directly from P to O, would make an angle ws 4 the axis equal to By, MY 
the angle AOC, which the refracted or reflected ray P AO makes with 
it on * | * Mii . 

110. caſes being ex the apparent magnitude of an object Leſs than the 
ſeen through a concave lens gs gn than the true; and when it © though, 
is feen upright through a convex lens, or a globe, it is greater than the greater 
true. For the ray PAO, coming from the extremity of the object to through acow 
the eye, is bent I the concave lens from its axis, and therefore makes 88 | 
a leſs angle with it at the eye than a ray coming directly from that ex- 
tremity to the eye. But the ſame ray is bent by the convex lens towards 
its axis, and therefore makes a greater angle at the eye than the direct 
ray: and the apparent magnitudes are meaſured by theſe angles. | 

111. What has hitherto been. demonſtrated concerning the apparent The whole 
magnitude of an object P, will continue in force if you ſuppoſe the en hö, 
obje& P do be an image formed by another glaſs or other 

2 0 


es. For any number of _ 
the aſſes. 
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the rays diverge from either of them in the ſame manner, and for this 
N reaſon I have always called p9 the laſt image of the object. 
* uy of 112. The place of the eye at O being given, to determine whar pare 
Gble in any Of an object is viſible in a given portion or aperture AC of any refract- 
gl. ing or reflecting glaſs, draw OA to the edge. of the aperture and pro- 

aAuce it till it cuts the image in p, and through the center of the glaſs 
draw p E cutting the object in P; and P will be the yr in view in 
| the aperture AC. For the whole pencil of rays flowing from P will be- 
Art. 43. long to 5 after refraction or reflection? and conſequently ſome one of thoſe 
Fig. 173 tb T9YS will advance to the eye in the line 40 drawn through p. If the 
176. image be at an infinite diftance all the rays that belonged to F will be 

4 parallel ro the axis of the pencil; therefore PY is now determined by 
Fig. 165 drawing EP parallel to OA. In a plane looking-glaſs, p P muſt bedrawn 
ä 5 parallel to 2, or perpendicular b te the glaſs, ro cut off the 

2 PY, viſible in the aperture AC. For this glaſs may be confidered as 
ving a center at an infinite diſtance from it. 88 
How it varies. 113. Hence if the glaſs and object be fixed, the part in view in a gi- 
ven aperture will decreaſe perpetually while the eye recedes from the 
laſs; unleſs the image be behind the eye. For then it will decreaſe on. 
y till the eye arrives at the image, and after the eye has paſſed by the 
image it will increaſe perpetually. The reaſon is becauſe the object and 
image, being fixed in their places, do both increaſe or both decreaſe to- 
gether, being both terminated by twe lines Pp, Q that meet or croſs 
m E the center of the glaſs. 5. . 5 
Vhon greateſt 16. Therefore the part in view is greateſt when the eye is cloſe to 
oy the glaſs, and leaſt when cloſe to the image; and, in this latter caſe, it 
appears infinitely magnified. For conceiving the diſtance Oq infinite 
diminifhed, the parts pg, P cut off by the lines AOp, pEP will bo 
be infinitely diminiſhed; but the magnitude of the angle at O, ſubtend- 
ed by pg er by AC, continues finite while the angle ſubtended by Pat 
O is infinitely diminiſhed: and fo the diſproportion between theſe an- 
gles, that is between the apparent and true magnitudes of the particle 
e Art. 108. P is infinitely great. It appears alſo infinizely confuſed, when the pu- 
pil is open, for the reaſon given in the following articles. 
The ſine — 2 115. When a perſon views himſelf in a plane looking-glaſs he ax 
pokm88*4.e Pears to himſelf to fill the ſame part of the glaſs wherever he ſtands: 
all ones own and the length and breadth of this = is always half the length and 
. 68. breadth of the correſponding part of his own body. For when and Q, |} 
3 Art. 23. eoincide, OC is half of Og or Nd and therefore AC is half of pg* or 
e Art. 57. P | a e 
Viſion when Bs: Hitherto I have conſidered the pupil of the eye as no bigger than 
_ Ya pres admitting but a ſingle ray from every point of the object *; by 
fr Which means the picture upon the retina would be diſtin in W 
; | 2 : 9 : ut 
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' CHAP, 4. WITH GLASSES - T7 
& when the pupil is open, if the image formed by the glaſs be nearer 
— eye than the leaſt diſtance —2 we bow ſee for — 
with the naked eye, the appearance through the glaſs will be confuſe 
Becauſe the rays diverge too much from ſo near an image to be reduced 
by the eye to a diſtinct picture upon the retina. On the other hand, when 
the rays converge to an image behind the eye, they will be collected to 
a diſtinct picture before they arrive at the retina, becauſe the eye is not 
naturally uſed to conform it ſelf to converging rays; and ſo the viſion 
| wil ws confuſed in both caſes, but may be rendered diſtin& as fol- 
oweth. 29 
117. Things which appear confuſed when ſeen by direct, refracted How render- . 
or reflected rays may be . diſtinct either by — through a * 
little hole in a thin plate or bit of paper, or through a convex or con- 
cave glaſs of N degree of convexity or concavity; and provided 
the hole or glats be put cloſe to the eye, the apparent magnitude and ſi- 
tuation of the object will be the ſame in both caſes. For if the hole be 
ſo ſmall as to admit but a ſingle ray from every diſtinct point of the ob- 
jeR, theſe rays will fall upon the retina in as many other diſtin& points, | 
and will make a diſtin& picture. And when the pencils of rays fall upon a | # 
thin lens, their axes go ſtraight through the middle of it, and conſe- At. 43. . 
quently will N to the ſame points upon the retina as when _ | 
paſſed through the hole. Now 74 lens to have ſuch a fi- 2 
gure that the rays of every pencil ſhall be refracted by it, and by the 4 
e together, to thoſe very points of their axes, which touch the retina, 7 
= picture will ſtill be diſtinct: and will be the ſame in magnitude and | 2 
No as before: and the only difference in the effects of the hole and 2 
will be in the degree of brightneſs of the picture upon the retina. 1 
118. A ſingle microſcope is only a very ſmall globule of glaſs, or a A ſingle 1 5 
ſmall double convex glaſs, whoſe focal * is very ſhort. A minute —— 3 
object pg ſeen diſtinctly through a ſmall glaſs. AE by the eye put cloſe nies. 5 
to it, appears ſo much greater than it would to the naked eye, placed at *'s- 79, 180. 
the leaſt diſtance L from whence it appears ſufficiently diſtinct, as this \ 
latter diſtance L is greater than the former qE. For having put your 
eye cloſe to the glaſs EA, in order to ſee as much of the object as poſ- . 
fible at one view, remove the object pq to and fro till it ap moſt b Art. 114. 7 
diſtinctly, ſuppoſe at the diſtance Eg. Then conceiving the glaſs AE to I 
be removed, and a thin plate, with a pin-hole in it, wh put in its place, 5 
the object will appear diſtinct, and as large as before, when ſeen through e Art. 117. 
the glaſs, only not ſo bright. And in this latter caſe, ir appears ſo much 
greater than it does to the naked eye, at the diſtance L, either with the 
pin-hole or without it, as the angle p Eq is greater than the angle pLg d A 97- 
or as the latter diſtance L is greater than the former E.. e © Ant. 60, 


119. Since 
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And in what 119. Since the interpoſition of the glaſs has no other effect than tg 
ante render the appearance diſtin, by helping the eye to increaſe the refra- 

| Aion of the rays in each pencil, it is plain that the greater apparent mag- 

. nitude is intirely owing to a nearer view than could be taken by the na- 

; ked eye . If the eye be ſo perfect as to ſee diſtinctly by goon of paral- 
{el rays falling upon it, the diſtance Eq, of the object from the glaſs, is 

then the focal diſtance of the glaſs. Now if the glaſs be a | 

globule whoſe diameter is of an inch, ſuch as are eafily made in the 

| manner deſcribed in the third book, its focal diſtance Eq- being three 
Art. 61. ,quarteryof its diameter, a is 45 of an inch; and if g.L be 8 inches, the 
uſual diſtance at which we view minute objects, this globule will mag- 

Aify at the rate of 8 to , or of 160 to 1. | 3h 
© Aftronomicil 120. An aſtronomical teleſcope is compoſed of two conyex glaſſes in 

teleſcope, how the following manner. PY repreſents the ſemidiameter of a remote ob- 

> ag ject, and pg its picture formed by the convex lens L., which being next 
= the object is called the objed-glaſs. In the axis of this glaſs, Q L 

n produced, EA repreſents another glaſs more convex than L, ſo placed, 

that as 9 Lis the focal diſtance of the glaſs L, ſo'qE is the focal diſtance 

of the glaſs E; and E the ſum of their focal diſtances. In this ſituation 

of the glaſſes, I ſay the object will a to the eye at any point O, di- 

ſtinct, inverted and magnified at the rate of 2 to 9E, that is of the 

focal diſtance of the object glaſs to the focal diſtance of the eye glaſs. 

For the rays which diverge from the point q of the picture pg,” being 
refracted by the eye-glaſs, will emerge upon the eye at O in lines paral- 
lel to the axis EO; becauſe E is ſuppoled to be the focal diſtance of the 

eye-glaſs; and for the ſame reaſon, * rays which diverge from 4 

collateral point p, of that picture pg, will emerge from the eye-glaſs, af- 

ter refractions at A, in lines parallel to the line or ray p E; this line be- 
x ing the axis of an oblique pencil of rays, part of which diverge from p 
upon the glaſs.” An eye therefore which can ſee diſtinctly by pencils of 
parallel rays being placed any where at O, among the interſections of 
theſe pencils, will ſee the points of the object dine, | 
No to the eye at O apparent magnitude of the picture pg, or 
* Art. 1044 Object PN, is meaſured by the angle EOA,, or by the equal angle 9 Ep; 
but to the naked eye at L, if the glaſs was removed, the apparent mag 
nitude of the object is meaſured by the angle ,L, or by the equal 
c Aut. 43. angle Lp; the oblique axis P.Lp being ftraight *. Therefore the for- 
| mer 8 magnitude is to the latter, as the angle q Ep, to the an- 
1 gle % and conſequently as the latter diſtance L, to the former 
Autos 121. The objeft which appeared inverted in the former teleſcope * 
2328 will appear upright and -diſtin& through two more convex eye-glaſſes 
'Fio. 182 fſuhjoined to it; at a diſtance from each 8 to the ſum of their 
e 103. 5 focal ; 


CHAP, 4. WHR GLASSES | IS 
_ — gs . focal diſtances — 8 — other, 
-W magnified as much as it was or the 
cils of parallel rays EOF 4OR, —— are continued to the lac 
FB, will be formed by it into a ſecond image arx ; and the focus w, of 
any oblique pencil OB, wilt be determined by the interſection of the 
line wx, perpendicular to the common axis of the glaſſes, and of the ob · 
lique axis Fa, drawn. parallel to the. incident rays OB. This point t 55. 
being the focus of incident rays on the laſt glaſs. GC, the emergent rays 
CD will be parallel to their oblique axis @ G ; becauſe the rays that flow 
from « are ſuppoſed to emerge parallel to the direct axis. Therefore to 
the eye at D, where theſe emergent pencils croſs, the abject will appear 
diſtinct, and upright*. And when the glaſſes F and G are exactly equal, b Art. 103. 
the image wx will be exactly in the middle between them; and ſo the 
2 * Fr, l will be exactly equal. Conſequently the angle 
CDG, which now meaſures the apparent magnitude to the eye at D; 
will be equal to the angle or @F, or BOF or A0 E, which mea- 
ſured it 2 the — at O. | bo EEE 
122, In a teleſcope of a given length the quanti objects in. How much 
at one view, de — — of ho laſs. For as AE is 2 kein 
greater or {| the angle ALE or its equal PEN is alſa greater or Fig. 181, 182. 
ſmaller; and this angle takes in all the objects that can be ſeen at one 
view on one fide of the axis of the teleſcope. . 
123. The difference between the aſtronomical teleſcope and Galileo s Galiler's tele | 
teleſcope or a common perſpective- glaſs is.this; inſtead of the. convex n HY 
eye-gla placed behind the image to make the rays of each pencil go-Fig. 183. 2 
| el to the eye, there is placed a concave eye-glaſs AE as much be- 
ore it; which opens the rays of each pencil that converged to g and p, 
and makes them emerge parallel upon the eye; as is evident by conceiving 
the. rays to go back again through the eye-glaſs, whoſe focal diſtance we 
ſuppoſed was Eq. The eye muſt be put cloſe. to the glaſs to receive as 
many ils as poſſible; and then, ſuppoſing: an emerging ray of an 
oblique pencil produced backward along AO,. the apparent magnitude 
of the object is meaſured by the angle AO E* or its: equal q Ep, which e Art. 104, 
is to the angle q.Lp(or AL, the meaſure of the true magnitude, ) as 
qL to 4E, as before in the other teleſcope. It is manifeſt, by the road 
article, chat objects in this teleſcope appear upright. | | 
124. The quantity of objects taken in at one view in this teleſcope This 28 
does not de upon the breadth of the eye-glaſs, as in the aſtronomical g 
teleſcope, but upon the breadth of the pupil of the eye. Becauſe he 
pupil is leſs than the eye-glaſs, and the lateral pencils do not now con- 
verge to but diverge from the axis of the glaſſes. Upon this account the 
view being narrower is not ſo. pleaſant as. in the former teleſcope. | 


125. Sir 
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Sir % New- 125. Sir Iſaac Newton's reflecting teleſcope: magnifies the diameter of 
| 8 A — pi in the proportion K che focal diiance of the reflecting 
Fig. 184 concave to the focal diſtance of the convex eye-glaſs and ſhews it inver- 
Ted. Let ST bean image of a remote object P formed by refletions 

from a large concave ſurface AC, and terminated by the lines PE SA, 

Ed drawn through its center E. Now becauſe this image cannot be 

viewed through an eye-glaſs placed diredly before it (for then the ſpec- 

tator would intercept the rays that are coming to the concave) there- 

fore let the ſeveral pencils of rays which converge towards it in coming 

from! the broad concave AC, be reflected ſideways from a ſmall poliſhed 

plane, repreſented by ac; and then the ſecond image 17, formed by this 
= Art. 24, 25- plane, will be equal to the firſt image ST *. Let #/ be the focal diſtance 
of a ſmall convex eye-glaſs &/ and the rays which flow from any point 
s will be refracted through this glaſs, to the eye at o, in the lines ko 

drawn parallel to the oblique axis 5/; and ſo the apparent magnitude 

of the object, P, to the eye at o, will he meaſured by the angle ko/ 

+ Art. 104. or gt: but to the naked eye at E, it is meaſured by the angle PEQ, or 
| SET. Therefore the former apparent magnitude is to the latter, as the 
angle s/f to the angle SET or, (becauſe their ſubtenſes 57, ST are e- 

33 qual.) as ET to It or as CT to It, when the object is remote . Note 
tdtthat the plane @cb is much too broad in compariſon to the concave AC B, 
which could not be helped in ſo ſmall a draught. That the appearance 

of the object is inverted or turned from right to left, is evident by the 

103d article. dcr 8 

Wwe much” 126. Dioptrick teleſcopes which magnify much being very long and 
ji an troubleſome to be managed, Sir I/aac Newton propoſed this method to 
horten teleſcopes : which anſwers to admiration; as appears by a table 

in the next book, of the lengths of both ſorts of teleſcopes which mag- 

nify equally with equal diſtinctneſs. The reaſon why dioptrick tele- 

ſcopes cannot be ſhortened as much as theſe, and ſtill. magnify as much, 
Art 120. by diminiſhing the focal diſtances of the eye-glaſſes*,-in ſhort is this. 
| The 2 made by refractions through the convex object-glaſles, be- 
ing much more imperfe& than thoſe, which are made by reflections 
from concave ſurfaces, will not bear to be magnified ſo much by ſo ſmall 
 eye-glafſes f, without appearing confuſed : and the chief cauſe of thoſe 
imperfectipns in the pictures is the unequal refrangibility of rays of dif- 

ferent colours; as will be fully explained hereafter. - ""HÞT £1 
Doublemicro-- 127. A double microſcope is compoſed of two convex glaſſes placed 
ſcope conſi- at E and L. The glaſs L next the object PN is very ſmall and very much 
Fe 85. Convex, and conſequently its focal diſtance LF is very ſhort; the di- 
7 ſtance LY of the ſmall object P is but a little greater than L; 10 
$ Art. 48. that the image Þq may be formed at a great diſtance from the glaſs's, 
; I Opticks. p. 9g. - 


F Art. 118. 


and 
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and conſequently may be much greater than che object it felf . This a An. 3 
picture pꝗ being viewed through a convex eye-glaſs AE, whoſe focal 
diſtance is E, appears diſtinct as in a teleſcope. Now the object appears 
magnified upon two accounts; firſt becauſe if we viewed its picture 5 9, 
with the naked eye, it would appear as much greater than the object, at 
the ſame diſtance, as it really is greater than the object, or as much as 
L is greater than LO; and ſecondly becauſe this picture appears Art. 55 
magnified through the eye glaſs as much as the leaſt diſtance at which: 
it can be ſeen diſtinctly with the naked eye, is greater than E, the fo- 
cal diſtance of the eye-glaſs*, For example, if this latter ratio be 5 to 1, 1 
and the former ratio of Lq to L be 20 to 1, then upon both accounts 
12 object will appear 5 times 20, or loo times greater than to the-ma- | 
eye. N | | N 1 
128. To fit theſe teleſcopes and microſcopes to ſhort-fighted eyes, the To gt tele 
glaſſes E and L muſt be placed a little nearer together; ſo that the rays e 
of each pencil may not emerge parallel but may fall diverging upon delete eyes. 
the eye; and then the apparent magnitude will be altered a little but d Art. 48. 
ſcarce ſenſibly. oY MOTO: 
129. The brightneſs of the appearance through a given teleſcope or The apparem 
microſcope is more or leſs in proportion to the aperture of the object- 1 
glaſs. For ſuppoſing it covered with paper, all but a ſmall hole in the 8 4 
middle, the magnitudes of the pictures pq in the focus of the glaſſes, and 
of that upon the retina — not be altered; but the hole at L being 
ſmaller than before, there are fewer rays in every pencil, and conſe- 2 
2 in every point of thoſe pictures, and ſo they appear more ob- 
cure. If the aperture and object-glaſs remain the fame, things appear 
brighter or fainter according as the focal diſtance of the eye-glaſs is lon- 
ger or ſhorter ; that is, according as the teleſcope or microſcope magni- 
fies leſs or mores. For the ſame quantity of light ſpread over a ſmaller e An. 125, 
or larger 1 or part of the retina will make it brighter or duller. 
130. Hitherto I have ſuppoſed the eye to be always placed at ſome A"! appeatan- 
E O in the common axis of the refracting or reflecting ſurfaces. Now when the cye 
et it be placed at any point o in a line Oo perpendicular to the axis If is out of the 
I fay that all the appearances will be the {ame or at leaſt not ſenſibly — leh 
different from what they were before. For ketpq be the laſt image of an Fig 186 +- 
object, and P the laſt but one, or the object it {elf ; draw the lines p o, 
qo meeting the next ſurface in @ and c; and the points P and & will ap- 
to the eye at o in the directions of thoſe lines o, oc. Whence draw- 
ing O meeting the ſurface in A; ſince the directions OA, oa, in Which 
P is ſeen, lye the ſame way from the directions OC, oc, in which Vis 
ſeen, it is evident that the apparent fituation of the extremities EF. 3 
the ſame at both places of the eye; and alſo the apparent magnitude, 
which is meaſured by the angle aocf or poq or pOq or A0 C. 5 wy * 
F mall \ 


- 
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ſmall angles po, pOgq, being ſubtended by the ſame image p, ver. 
nearly at equal diſtances po, 40 from o and O, are very nearly equal. 
The apparent brightneſs of the object is alſo the ſame ; becauſe the den- 
fity of the rays, that enter the pupil, at any —4 of the perpendicular 

a Art. 58. plane repreſented by Oo, is er. ſame . For the rays flow from or 

EO. towards the laſt image pq juſt as if it was a luminous body. And laſtly 

\ the degree of apparent diſtinctneſs or confuſion is the ſame alſo, becauſe 

the angles which the pupil, placed at © or at o, ſubtends at p and g, or 

the mutual inclinations of the rays in each pencil are very nearly « _ 

A genera! ob" 131, This general obſervation upon viſion is wech remembring. 
non. Phat the apparent diſtinctneſs and confuſion of an object depends _ 

the mutual inclination of the rays: to each other in any one pencil when 

they fall upon the eye*; the apparent magnitude, upon the inclination 
es Is af the rays of different pencils ta each other when they fall upon the: 

arc Ye; the apparent ſituation, upon the real fituation of the extream pen- 
es Als when they fall upon theeye*; and the apparent brightneſs. and ob- 

+. ſecurity, upon the quantity: of rays in every pencil. 


b Art. 116, 
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CONCERNING OUR IDEAS. ACQUIRED BY SIGHT... 


4 — word 132. FN order to account for ſeveral appearances in viſion, it is neceſ- 

© put ah” ſary to conſider the manner of acquiring our ideas of things by 

dered. fight. The noted queſtion propoſed by Mr. Molyneux to Mr. Locke, 

whether a perſon blind from bis birth, being made to ſee, could by fight 

alone diſtinguiſh a globe from a cube, whoſe difference he knew by feel- 

ing, has been pronounced in the negative by both thoſe philoſophers * : 

and this opinion has fince been confirmed by the experience of ſeveral 

perſons, who receiving their fight from the operation of Couching, could 

not know any one thing from another, however different in ſhape and 

magnitude. Mr. Che ſſelden having given us a very curious account of 

ſome obſervations made by a young gentleman who was couched by: 

\ him in the thirteenth year of his age, I will here inſert it in his owt: 
W | 

Mr. Ce 133. Though we ſay of this gentleman that he was blind, as we do 

1 of all people who have ripe Cataracts, yet they are never ſo blind from 

bons brought that cauſe, but that they can diſcern day from night; and for the moſt 

. tofight. part in a ſtrong light, diſtinguiſh black, white, and ſcarlet, bur they can- 

not perceive the ſhape of any thing: for the light by which; theſe. per- 

ceptions are made, being let in obliquely through the aqueous humour, 


1 Locke's Eſſay on Hum. Underſt. B. 1. e. 9. 
2. Phil. Tani. No. 402. See another acedumt in the g5th VTatler, 


— 
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or the anterior ſurface of the cryſtalline (by which the rays cannot be 
brought into a focus upon the retina) they can diſcern in no other man- 
ner, than a found eye can through a glaſs of broken jelly where a grear 
variety of ſurfaces fo differently refract the light, that the ſeveral diſtinct 
pencils of Tays cannot be collected by the eye into their proper foci; 
| wherefore the ſhape of an object in ſuch a caſe, cannot be at all diſcern- 
ed, though the colour may: and thus it was with chis young gentleman, 
who though he knew theſe colours aſunder in a good light; yet when he 
faw, them after he was couched, the faint ideas he had of them before, 
were not ſufficient for him to know them by afterwards ; and therefore ; 
he did not think them the fame, which he had before known by thoſe 
names. Now ſcarlet he 3 the moſt beautiful of all colours, and 
of others the moſt gay were the moſt pleaſing ; whereas the firſt time 
he faw black, it gave him great uneaſineſs, yet after a little time he was 
reconciled to it: but ſome months after, ſeeing by accident a Negro wo- 
man, he was ſtruck with great horror at the ſight. ; 
When he firſt ſaw, he was ſo far from making any judgment about di- 
ſtances that he thought all objects whateyer touched his eyes (as he ex- 
Preſſed it) as what he felt did his ſkin; and thought no objects ſo agree 
able as thoſe which were ſmooth and regular, though he could form no 
judgment of their ſhape, or gueſs what it was in any object that was 
pleaſing to Him. He knew not the ſhape of any thing, nor any one thing 
another, however different in ſhape, or magnitude, but upon being 
cold what things were, whoſe form he before knew from feeling, he 
would carefully obſerve, that he might know them again; but having 
tod many objects to learn at once, he forgot many of them: and (as he 
faid) at firſt he learned to know, and again forgot a thouſand things in 
4 One particular only (though ic may appear trifling) I will relate: 
Having often forgot which was the cat, and which the dog, he was 
aſhamed to aſk, but catching the cat (which he knew by feeling) he was 
obſerved eo look at her ſtedfaſtly, and then ſetting her down, ſaid, fo 
puſs, I ſhall know you another time. He was very much ſurprized, that 
thoſe things which he had liked beſt, did not appear moſt agreeable to 
his eyes, expecting thoſe perſons would appear moſt beautiful that he 
loved moſt, and ſuch things to be moſt agreeable to his ſight that were 
O to his taſte. We thought he ſoon knew what pictures repreſented, 
which were ſhewed to him, but we found afterwards we were milta- 
ken: for about two months after he was couched he diſcovered at once, 
they repreſented ſolid bodies; when to that time he conſidered them on- 
ly as party-coloured planes, or ſurfaces diverſified with variety of paint; L, 
bureven then he was no leſs ſurprized, expecting the pictures would feel 
Ike the things they repreſented, and was amazed when he found thole— 
parts, which by their Fehr and OO appeared now round and Oe ; 
| 2 | + Gila 


felt only flat like the reſt : and aſked which was the lying fenſe, feeling 
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or ſeeins ? e Ma | Br 
Being ſhewn his father's picture in a Iocket at his mother's watch, 
and told what it was, he acknowledged a likeneſs, but was vaſtly ſur- 
prized ; aſking how it could be, that a large face could be expreſſed in 
fo little room; ſaying, it ſhould have ſeemed as impoſſible to him, as to 
put a buſhel of any thing into a pint. 


At firſt he could bear but very little light, and the things he ſaw, he 


thought extreamly large; but upon ſeeing chings larger, thoſe firſt ſeen 
he conceived leſs, never being able to imagine any lines beyond the 
bounds he faw: the room he was in, he ſaid, he knew to be but pare 
of the houſe, yet he could not conceive that the whole houſe could look 
bigger. Before he was couched, he expected little advantage from ſee- 
ing, worth undergoing an operation for, except reading and writing; 


for he faid, he thought he could have no more pleaſure in walking a- 


bout the houſe in the night. He ſaid every new object was a new de 


broad than he had in the garden, which he could do ſafely and readily. 
And even blindneſs he obſerved, had this advantage, that he could go 
any where in the dark much better than thoſe who can ſee; and after he 
had feen, he did not ſoon loſe this quality, nor deſire a light to £0 a- 


light, 


and the pleaſure was ſo great, that he wanted ways to expreſs it; but 


his gratitude to his operator he could not conceal, never ſeeing him for 
ſome time without tears of joy in his eyes, and other marks of affed ion: 
and if he did not 2 to come at any time when he was expected, he 
would be fo grieved, that he could not forbear crying at the Klappcint- 
ment. A year after his firſt ſeeing, being carried upon Epſom Downs, 


and obſerving a large proſpect, he was exceedingly delighted with it, 


and called it a new kind of ſeeing. And now being lately couched of his 


other eye, he ſays, that objects ar firſt appeared large to this eye, but not 
ſo large as they did at firſt to the other: and looking upon the ſame ob- 


ject with both eyes, he thought it looked about twice as large as with 
the firſt couched eye only, but nor double, that we can any ways 


diſcover. 


Some addi- 
tions to that 
unt. 


«fx 


134. Mr. Cheſſelden adds in another paper printed by it ſelf, that he 
has brought to tight ſEveral others who had no remembrance of ever 
having ſeen ; and that they all gave the ſame account of their learning 
to ſee, as they called it, with the young gentleman above mentioned, 
though not in ſo many particulars ; and that they all had this in com- 


mon, that having never.had occaſion to move their eyes they knew not 


By what regu- 
kr ſteps they 
may learn to 


know things. 


how to do it; and at firſt, could not at all dire& them to a particular 
object; but in time they acquired that faculty, though by ſlow degrees. 
135. Let us now conſider a little by what regular ſteps and obſerva- 
tions a perſon in this caſe, might learn to know the places, OS 
| : . | . N | ures, 
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figures and diſtances of objects. Since he cannot direct his eye to look at 
any particular object, whoſe place he knows by feeling, at firſt we a Ar. 134 
muſt ſuppoſe his eye at reſt; and when he has learned to know his hand, 
or his finger end, let him move it gently upwards and downwards. Dur- 
ing this motion he cannot ”" perceiving ſome ſort of alteration in the 
vifible appearance, occaſioned by the correſponding motion of the pic- 
ture of his finger over different parts of the retina. Then by carefully 
obſerving and remembring what ſort of ſenſation was perceived when 
his finger was in any particular place, ſuppoſe above his eye; whenever 
the like ſenſation ſhall again be excited, by another picture of the ſame 
or of a different object, falling upon the ſame place of the retina, 
wherever it be, he will conclude that this object, whoſe place is un- 
known, is above his eye, or in the place where he formerly held his 
finger. By the like obſervations made with his hand and frequently re- 
peated, he may learn to know the motion of a body by fight; and the 
direction of its motion, with reſpect to his own body; and conſequently 
to know extenſion and the ſituation of extenſion ; and conſequently to 
know the figure of bodies, which confiſts only of various extenſions va- 
riouſly fituated. This he may learn by moving his finger round the 
edges of bodies, and by obſerving the various bendinss of its viſible mo- 
tion; or by walking round a room; and in general by comparing toge- 
ther the ideas ſuggeſted to his mind by fight and by touch. And by ob- 
ſerving that the appearance of the fame body is continually varied while 
the eye approaches to it or recedes from it, by this variety of apparent. 
magnitude he will learn to know the diſtances of things from his eye as 
well as from one another. Laſtly ſince he cannot help perceiving thoſe 
objects moſt diſtinctly which lye neareſt to the axis of the eye produced, 
and others more confuſedly which lye farther and farther from it, as 
other people do; when he finds that an object diſtinctly perceived, does 
ſuddenly grow confuſed, by any accidental motion of his head or eye, ; 
memory of that diſtincter perception now loſt will induce him to 
try to regain it, by a voluntary motion of his head or eye; till by fre- 
quent trials he will learn to direct his eye to any deſired object. And 
by. the ſame method he will learn to direct both eyes to the ſame object. 
rom what has been ſaid it appears that our perception of things by 
fight is no more than this: by memory of former perceptions by fight 
and other ſenſes compared together, we collect in an inſtant that the 
thing we now perceive by fight only will affect our other ſenſes, upon 
trial, as it formerly uſed to do. I fay in an inſtant, which will leſs ſur- 
prize us, when we conſider how quick the characters or ſounds of words, 
whoſe ſignification we could hardly remember at firſt, do excite in our 
minds the ideas of things they are conſtantly uſed to fignify: fo great 
is the force of habits in bringing our ideas together. And ſo it appear 
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at laſt, chat the manner, wherein external objects are ſignified to us, by 


The eſſect of 
inverted pic- 
Ates on the 
retina conſi - 
dered. 


Viſion with 
both eyes 
when ſingle 
when double. 


Fig. 188. 


the ſenſations of light and colours, is the ſame with that of languages 
and ſięns of human appointment: which do not ſuggeſt the things fig- 
died by any likeneſs or identity of nature, but only by an habitual con- 
nection that conſtant experience has made vs obſerve between them &. 
139. Now if it be the memory of the ſame ſenſations excited in the 
ſame places of the retina, though unknown, which occaſions the fame 
Judgment. of the place of an object, (which will be farther confirmed in 
the following articles,) the inverted pictures on the retina will ſerve as 
well to excite the ſame ideas as if they had been conſtantly upright or 
in any oblique poſture. It is only neceſſary that the object and picture 
ſhould alter their places both together by any conſtant rule whatever. 
For example, if a perſon was born with an eye in which the pictures 
of objects were painted upright, as repreſented in che 187th figure, 
where the firſt image pg is formed by the cornea in the aqueous humour 


enlarged, and the ſecond image by the cryftalline upon rhe retina wr x ; 


let it be conſidered whether by theſe upright pictures he might not learn 
to know, judge, and talk of objects juſt as other people do, and on the 
contrary ; and whether it could cafily be known that his eyes were dif- 
ferent from common eyes. | | 
137. The axis of the eye is a line drawn through the middle of the 
pupil and of the cryſtalline, and conſequently falls upon the middle of 
the retina. And the axes of both eyes produced are called the optick 
axes. When the optick axes are parallel or meet in a point, the two 
middle points of the retihas, or any two points which are equally diſtant 
from them, and lye on the ſame fides of them either towards the 
right hand or left hand, or upwards or downwards, or in any oblique 
direction, are called correſponding points. Now we find by experience 
that an objedt or point of an object appears fingle when its pictures fall 
upon correſponding points of the retinas, and double when they do not. 
For when we view an object ſteadily, we have acquired a habit of di- 
recting the optick axes to the point in view; becaule its pictures falling 
upon the middle points of the retinas are then diſtincter than if th 
en upon any other places; and fince the pictures of the whole obj 
axe equal to one 4 and are both inverted with reſpect to the opuck 
axes, it follows that the pictures of any collateral point of the object 
are painted upon correſponding points of the retinas. This habit of di- 
recting the optick axes ro the point in view, is ſo ſtrong that it is very 
diſi cult to do other wiſe; infomuch that when one eye is ſhut and the 
other is in motion, one feel by ones fingers laid upon the eye-lid, 
that the eye which is rings anne follows the motions of the eye that is 
open. Bur if by ſquinting or by depreſſing an eye with ones finger, the 
2 See. Berkeley's Eflay on Viſion. p. 372. 


optick 
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optick axes are not directed to the fame point; in theſe cafes objects ap- 


pear double: and now it is plain that their pictures are nor painted upon 


correſponding places of the retinas. 


For the like reaſon if while the optick axes NM, OM are directed to Fig: 189, 190. 


» mark M, we attend to an object or image 9, placed any where within 
the angle N MO or its oppofite, made by the optick axes produced, rhe 
object q will apprar in two places, fappoſe at à and 5, fituated in the 


directions of the viſual rays Ng, O09 *. For the pictures of the object, 9, a Art. 101. 


which lyes between the optick axes, being both inverted with reſpect to 
the axes, muſt fall upon the retinas on contrary fides of rhe axes, and 
conſequently upon places that do not correſpond. And this may be the 
reaſon. of the double appearance. Becauſe this ſituation of the pictures 
never happens in the ordinary and conſtant uſe of our eyes, but from rwo 
objects A and B placed on oppoſite! fides of the mark M. One of theſe 
objects alone being on the ſame ſides of both axes, would have its pictures 
on Corr ing points of the retinas and conſequently would appear 
ſingle. Add to this, that at one view we generally regard no other ob- 


jets: but thoſe which lye round about the mark M, much at equal di- 


ſtances from the eyes; and not thoſe which lye in a long line extended 
from us. For theſe objects being placed at various diſtances from the eye 


cannot be ſeen diſtinctly all at once: it being neceffary for this purpoſe 


to alter both che diſtancee of the point of concourſe of the optick axes, and 
alſo the configuration of the eye; that the pictures formed by rays com- 
ing from different diſtanees, may be ſucceſſively diſtinct. 


In like manner if the image q of an object 2, be formed at any place Fig. 197, 
behind the eyes, either by reflected or refracted rays; and the glaſs AB 92, 193. 


be: ſufficiently broad to throw the rays into both eyes; the object Q will 
always appear double. For to procure diſtinct viſion we are accuſtom- 
ed to dirdet the optick axes to ſome point Mlying before them: But the 
viſual rays, Ig, BOg;, by which the object is ſeen, are tending to 
meet at q behinÞthe eyes, and conſequently muſt fall at C and D on the 
inſides of their axes, which are not correſponding places. 5 

I ſind by experience that the apparent diſtance between the two appa- 
rent places of the object, is nearly proportionable to the ſum of the arch- 
es, CE, DF, upon the retinas; or to the ſum of the angles a NM, A0 M 
made by each optick axis and each viſual ray, provided theſe arches lye 
both on the inſides or both on the outſides 'f 
one lyes within and the other without, the apparent diſtance of the pla- 
ces of the object is meaſured by the differences of thoſe arches. For 


| though I have hitherto ſuppoſed" the object to be within the angles made 


by the optick axes, in order to ſhew the effect of the double appearance 
more plainly, yet it is ſtill double though the object be placed in eitlier 


axis, or on the outſides of both either much nearer or remoter than 


their 
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the optick aXes: but if Fig. 194, 195- 


Fig. 156. 
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their point of concourſe. I find alſo that in all ſituations, the apparent 


interval, between the wo apparent places, will continue the ſame while 


the eyes are rolled about, ſo as to view any objects placed nearly at equal 
| diſtances from them: and · that each image @ or 6 appears over againſt 


the ſame object Aor B when both eyes are apen, as it does when the 
other eye is ſhut. And that when the. object, or image formed by the 
glaſs, is between the eyes and the mark /e look at, the apparent image 
on the right hand is perceived by the leit eye, and the apparent image 
on the left hand by the right eye; as is manifeſt by opening and ſhut- 
ting each eye by turns: but when the object it ſelf, or its image form- 
ed by the glaſs, is beyond the mark, or behind the eyes, the apparent 
image on the right hand is perceived by the right eye, and that on the 
left hand by the left eye. 34.0521 bY 
Hence it is manifeſt that the two apparent places 2, þ of the object 4 
are neither of them the ſame as its real place; and that they lye be- 
tween it and the mark we look at, but not very far from the real place. 
A double appearance will alſo, be ſeen when the end of a long ruler 


is placed between the eye brows and extended directly forward with its 
flat ſides reſpecting the right hand and the left; and by directing the eye 


to a remote object, the right {ide of the ruler; ſeen by the right eye, 
will appear on the left hand, and the left fide. on the right hand; as 
repreſented in the 196th figure; in Which P, denotes the ruler, pq 
and x its images ſeen by the eyes N, O reſpeQively. | 

Now if it be aſked why in ſeeing with both eyes we do not always fee 
double, becauſe of a double ſenſation; I think it is ſufficient to ſay that 
in the ordinary uſe of our eyes, in which the pictures of an object are 
conſtantly painted upon correſponding places of the retinas, the predo- 
minant ſenſe of feeling has originally and conſtantly. informed us that 


the object is ſingle. By this means our idea of its outward place is con- 


nected with both thoſe ſenſations, as is manifeſt by its appearing in two 
places when its pictures are not painted upon correſponding places of 
the retinas in the extraordinary circumſtances above mentioned ; which 
is only a direct conſequence ariſing from our general habit of ſeeing. 
Beſides, whatever anſwer is ſufficient to this queſtion, muſt equally ſerve 
by the rules of philoſophy, for an anſwer to all others of the ſame ſort : 
as how it happens that in hearing with two ears we do not hear double ; 
that in feeling with two feet of two hands or two fingers, we do not feel 
double; as we really do in the dark, when a button is preſſed with two 
oppoſite ſides of two contiguous fingers laid acroſs; for this reaſon, that 
thoſe oppoſite ſides of the fingers have never been uſed to feel one but 
always two things at a time. We have learned therefore by experience 
of both ſenſes compared together, to make their informations conſiſt- 
| car 
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ent with each other. Mr. Cheſelden mentions the caſe of a gentleman, 


who having had one of his eyes diſtorted by a blow on his head, found 
that every object appeared double; but by degrees the moſt familiar ones 
became fingle, and in time all objects became ſo, though the diſtortion 
ſtill continued: which greatly confirms the prefent argument, that the 
judgments we make of the number and places of external objects are 
entirely the effe& of experience; by which our ideas of their number 
and places are conſtantly connected with certain ſenſations in correſ- 
ponding places of the retinas: inſomuch that if an animal had a hundred 
eyes, in the ordinary and conſtant uſe of them an object would appear to 
him ſingle, and centuple in caſes extraordinary, like thoſe above men- 
tioned. 


138. The apparent diſtance of an object, perceived by fight, is an Apparent dig 


idea of a real diſtance uſually meaſured by feeling, as by the motion of 
the body in walking, or otherwiſe ; and is ſuggeſted to the mind by the 
apparent magnitude of the object in view, if ſeen alone, (as a bird in the 
air, or as an object in a teleſcope or microſcope ;) but if it be ſeen with 


tance what 


and ho- 
ceived. 


other objects, as it uſually happens, its diſtance is ſuggeſted both by its 


ewn apparent magnitude and by the apparent magnitudes of other ad- 
joining objects obliquely extended between the eye and the object in 
view; as the ſurface of the ground, rivers, walks, high-ways, hedges 
and ditches, or the houſes in a ſtreet, or the walls and ceiling of a room, 
or the {ky over head. For what is the apparent magnitude or apparent 
extenſion of an object but the apparent diſtance of its extremities from 
one another? and what is the apparent diſtance between two objects in any 
ſituation or between one object and the ſpectator himſelf, but the apparent 


extenſion of intermediate objects? And ſince they are ſeldom ſeen alone, 


excepting through glaſſes, it cannot be doubted, but we eſtimate their 
diſtances from one another and from our ſelves by our ideas of the mag- 
nitudes of thoſe intermediate objects: and every one knows that ſurvey- 
ers, gunners, travellers and all ſorts of artificers, who are converſant 
in meaſuring diſtances, are able to make a truer eſtimate af diſtance by 
the eye, than others that have not had ſo much experience. Sometimes 
indeed without attending to thoſe oblique ſurfaces we are ſenſible of 
the approach of a body by the increaſe of its own apparent magnitude, 
and on the contrary; and ſometimes we are alſo ſenſible of it when the 
body is at reſt, provided it be known and familiar to us. For bodies are 
diſtinguiſhed into ſorts chiefly by their ſhapes and colours, and we reck- 
on them ſmall or great, not in compariſon with bodies of another ſort 
but with one — 3 and having found by experience that certain 
quantities of apparent magnitude of a known body are conſtantly attend- 
ed by certain quantities of diſtance; che ſenſation of the magnitude of the 


Anatomy p. 324 3d Edit. 
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o Art. 93. 
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body immediately excites the uſual idea of its diſtance; which is alſo. 
evident in oblique ſurfaces as. well as of thoſe that are dicular to 


the eye. For the ideas of variable diſtances muſt either mediately or im- 
mediately be excited in the mind by certain variable ſenſations, cauſed: 


by ſome certain variations in the pictures upon the retina. But while the 


diſtance of the object varies, nothing is varied in its picture, excepting 
its magnitude; its figure, colour, brightneſs * and diſtinctneſs receive no. 
ſenſible variation in moſt caſes: and for one idea to excite another, eve 
one knows it is ſufficient that they have conſtantly been obſerved to go 
together, as in languages and a thouſand things befides. Laſtly I have 
found by abundance of experiments made with glaſſes of all forts, that 


- while the apparent magnitude 6f an object increaſes by moving the glaſs, 


eye or object, it always appears to approach, and to recede while its ap- 
parent magnitude decreaſes, excepting a particular caſe or two to be 
mentioned hereafter. And theſe experiments ſeem to me to put the que- 
ſion, beyond diſpate. For in looking through glaſſes with one eye on- 
ly, and at a ſingle object, when nothing is perceived in the ſpace inter- 
poſed, how is it poſſible for different apparent magnitudes of the object 
to ſuggeſt the ideas of different quantities of that inviſible ſpace, accord- 
ing to a certain rule to be mentioned hereafter ; if thoſe ideas had not 
uſually gone together before we looked into the glaſſes? I find alſo that 
by altering the degrees of apparent brightneſs and diſtinctneſs of an ob- 
je, either by looking through little holes made with a pin or through 
lenſes of different figures put cloſe to my eye, or through both at once 
put cloſe together and to my eye, that neither the apparent magnitude, 
nor apparent diſtance is ſenſibly altered thereby. The reaſon is, we have 
had no experience in ſuch confuſed viſion with the naked eye, and there- 
fore, though different degrees of confuſion and diſtinctneſs in glaſſes are 
plainly perceived, yet like the words of an unknown language, their ſig- 


nification of diſtance or of any thing elſe is entirely unknown. The 


ſame may be ſaid of the degrees of brightneſs and obſcurity. By day- 
light objects appear equally bright at all moderate diſtances from the 
eye, and we retain much the ſame ideas of their diſtances in the night, 
when we ſee them more obſcurely. The permanent colours and ſhades 
of bodies ſerve chiefly to diſtinguiſh their 5 ſhapes; and their 
colours and ſhapes are manifeſt diſtinctions of their various ſorts, but 

being permanent they are no diſtinctions of their apparent diſtances from 
the eye. When the eye is fixed and a fixt line is extended from it, the di- 
vergency of rays from different points of that line is neither diſtinguiſh- 


ed nor ſo much as perceived by ſenſe, by perſons that fee diſtinctly. It is 


2 rational deduction from ſenſe which informs us that rays diverge from 
the points of an object; which the majority of mankind are entirely 


ignorant of: and the ancient 7 s who thought chat 3 
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like rays proceeded from the eye to the object, could diſtinguiſh diftayces 
as well as we. Therefore the divergency of rays from points at different 
diſtances is not the medium which introduces the ideas of diſtances into 
the mind. Sometimes indeed there are degrees of diſtinctneſs and confu- 
Hon conſequent upon it, but their relation to diſtance as I ſaid before is - 
not perceived. Beſides this, in viſion with glaſſes, we have ideas of as | 
many different degrees of diſtance conveyed to us, as well when the rays 
come converging towards points behind the eye as when they diverge | 
from be before it, as will be ſhewn hereafter. The divergency of | : 
rays from the place of an object is therefore no cauſe of its appearing in | 
that place. It is alſo matter of fact in painting and perſpective, that 
our ſenſible ideas of the places of the objects in the picture are quite 
different from our 1 ideas of the places from whence the rays di- 
verge: and the difference in theſe ideas is cauſed by the different apparent 
magnitudes of the known objects repreſented in the picture. It is alſo e- 
vident that our ſenſible ideas of the places of the remoter parts of a lo 
walk or gallery, and of the clouds over head, and of all celeſtial bodies, 
are quite different from the rational ideas of the places from whence the 
rays diverge, as will appear more fully hereafter. Neither is diſtance 
ſuggeſted to che mind by the magnitudes of the angles in a triangle made 
by the optick axes and the interval between the eyes. For theſe angles 
are all varied by turning the head fideways while we look at an object, 
till at laſt we ſee it at the ſame diſtance with one eye as with both: 
which ſhews alſo that the faint and confuſed appearance of collateral 
' Objects does not alter our ideas of their diſtances. Nor is diſtance ſug- | ; 
geſted by feeling the turn of the eyes in widening or contracting the in- ; | 
terval berween pupils, when we direct them to different places. For 
the place of the object is generally perceived by a ſide- view, before we 
direct our eyes to view it more diſtinctly. From what has been ſaid it 
2 to me that the ideas of diſtance are ſuggeſted to the mind by the 
ideas of the magnitudes of objects. EM CARDS 
139. Hence it follows that an object ſeen by refraction or reflection, Apparent or | 
appears at the ſame diſtance from the eye, as it uſually does from the $tcrmined. 
naked eye, when it appears of the ſame magnitude as in the glaſſes. To Fig. 197 w 
determine this diſtance in all caſes, I conceive a ray OA to go from the e 
eye at O, and after its laſt reflection or refraction to belong to the focus 92 
0, in the common axis OC of all the ſurfaces; and to meet an object 
Pin P, placed perpendicular to O and that a line Pw is drawn 
rallel to be axis OY rill it meets the ray OA, produced, in ar. Then 
uppoſing the object P to be removed to the Tx, and there to 
be viewed by the naked eye; ſince it appears under the ſame angle QO 
or AOC as it appearęd under in the gabes, when it was at P, it _ 
| is G 2 | 
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_. alſo N of the ſame magnitude and conſequently at the ſame diſtance 
„t 138. from the eye in both caſes*. Therefore if when the object is placed at 
: 7», its apparent diſtance from the naked eye be repreſented by its real 
diſtance Ox, the ſame Ox will alſo repreſent its apparent diſtance in the 
laſſes when it was at PQ, I ſhall therefore call O the apparent di- 
ſtance of the object P, and x the apparent object. K 
When the point P and the ray OA, by which it is ſeen, are on con- 
trary ſides of the axis O the point and the line will be behind 
the eye, and therefore muſt be viewed by the naked eye inverted and 
turned about. But if you had rather x ſhould always be before the eye, 
in this caſe invert the object P, and then ſlide it along the axis; and 
its extremity P will touch the viſual ray OA, produced, at the ſame di- 
ſtance 118 the eye as before; becauſe the oppoſite angles 40 C, O 
are equal. . | 
It varies rei- 140. Hence while the eye, object or glaſſes are in motion, the appa- 
procally as the rent diſtance of the object will increaſe in the ſame proportion as its ap- 
RP varie, parent magnitude decreaſes; and on the contrary. For the fame appa- 
rent diſtance of the ſame object ſeen. at wx by the naked eye, varies in 

b Art. 99. that proportion of the ſame apparent magnitude. 
Apparent and 14 I. Hence alſo. the apparent diſtance, Ox, of an object, PQ, ſeen 
true diſtance in glaſſes, is to its apparent diſtance, O2, ſeen by the naked eye, as its 
general, apparent magnitude to the naked eye, to its apparent magnitude in the. 
glaſſes. For conceiving a line OP, which is omitted in the figures for 
| the ſake of ſimplicity; fince P& and x are equal, the former diſtance 
e Art. . Ox, is to the latter O, as the latter angle PO, to the former O 
Dofign, hi ratio of the apparent and true magnitudes of objects being deter- 
N mined in moſt caſes in the foregoing chapter, their apparent diſtances 
are alſo determined by this rule. But becauſe this ſubſect of apparent 
diſtance, has hitherto been handled but very imperfectly by all optick 
writers, it may not be unacceptable to ſome readers to ſee it purſued a 
| little farther. I will therefore deduce all the caſes of apparent diſtance 
d. At. 139. immediately from the definition of it d, without the help of thoſe former 
demonſtrations. | 
Caſes when e. 14.2, The apparent and true diſtances Ox and O will be equal, firſt 
; — 4 = when the object touches any thin lens or any ſingle ſurface. For then the 
ints P, A, & will coincide. Secondly, when the eye touches any thin 
Fig. 219, 220. lens or reflecting ſurface, For when: the points O, A. C coincide at a lens, 
the viſual ray will paſs through the middle of it very nearly; and con- 
ſequently its incident and emergent parts produced, will be nearly pa- 
rallel and coincident *, and ſo the points P, & will nearly coincide: and 
when the points O, A, C coincide at a reflecting ſurface, the incident and 
reflected rays. produced will make equal ang es with the pe icular 
een, Tre and lo the criangles POR, Cu will be equal, Thirdly, when | 


e Art. 42 


—— —  — —˙  — 


— . 


N © . 


= * 


en Ar. 3. ACQUIRED BY SIGHT. - 
the eye is at the center of a reflecting concave. For then the incident and 
_ - reflected rays, and ey w and P, will coincide. Fourthly,. | 
when a ray PO coming directly to the eye, makes an angle PO N equal Fig 203, 207. 
to AOC or w Ox. For then the triangles PO, @Ox are equal. This 
happens in a refleding concave when the object is very near its center. 
For producing the object PY, till it cuts the reflected ray in p, ſince 
the angles POQ, Ox or O are ſuppoſed to be equal, the lines P, 
p will alſo be equal, and conſequently a line QA will nearly biſect 
the angle PAp, when A is very near to C*; as a line drawn from the Art. 59. 
center E will do*, and ſo the points Q, E are almoſt coincident. b Art. 8. 

143. The apparent diſtance of an object ſeen in a teleſcope or a mi- Apparent and 
croſcope, is to its apparent diſtance perceived by the naked eye, as its ding 
apparent magnitude to the naked eye, to its apparent magnitude in the compared in 
telefcope or microſcope. For conceiving AC to be the object-glaſs, and teleſcopes and- 
the eye to be cloſe to the eye-glaſs at O; the viſual ray AO will go 1 SO 
a manner ſtraight through it*; and ſo the apparent magnitude and ap- 222, 223. 
parent diſtance of the object will continue the ſame as when there was © At. 42: 
no eye-glaſs: and fince, when the viſion is diſtinct, the rays in every 8 
pencil come parallel through the eye-glaſs, the apparent magnitude and 
conſequently the apparent diſtance will ſtill continue the ſame as before 
while the eye 2 back 4. 3 „ 

Conſequently the apparent diſtance in a teleſcope is to the apparent 
diſtance perceived 3 naked eye, as the 1 of the eye- 
glaſs, to the focal diſtance of the object-glaſs; by the 12oth and 14 1ſt 
articles. Which may thus be demoriſtrated independently of the 120th 
article, Let pq be the image of a remote obje& terminated by the line 
PCp; ſo that C and 90 may be the focal diſtances of the object-glaſs 
and eye-glaſs ; then 1 the object viewed by the naked eye at C, 
ſince the angles r Ox, PC have equal ſubtenſes ax and PA, the ap- 
parent diſtance, Ox, in the teleſcope, is to the apparent diſtance, C 2 
to the naked eye at C, as the latter angle PC to the former Oe, or e Art. 60. 
as the oppoſite angle p Cg, to the oppoſite angle p Og, or ſince pq ſub- 
tends them both, as the latter focal diſtance qO, to the former ac Rds 

The fame proportion may be proved when AC repreſents the eye- Fig. 224, 
glaſs of a teleſcope or microſcope, and the. object-glaſs is placed at 225, 226. 
o, the conjugate focus to O. For let pq be the image of the remote 
oo PS terminated by the line Po A, and when 90 and g Care the fo- 
diſtarices of the glaſſes at o and C, the ray AO will be parallel tap Cf. f Art. 30. 

Now the 2 diſtance Ox, is to the apparent diſtance , . perceiv= 
ed by the eye at o, as the latter angle Po to the former 7 Ox, 
or as the oppoſite angle poꝗ to the oppoſite angle 40 Cor its equal pCq, 
or as the latter diſtance C to the former 40. * 


d Art. 107. 
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Apparent dif 144. An object ſeen in any glaſs will appear behind it, or at it, or be- 
9 fore it, according as, wx or P, the real magnitude of the object is 
Blase com- bigger, equal or leſs than AC the part of the glaſs in which ir appears. For 


3 37 to ſince and AC do both ſubtend the ſame or equal angles at the eye, 
226. Ow will be bigger, equal or leſs than OC, according as wx or PY is 


bigger, equal or leſs than AC. 

Hence it follows that an object always appears behind any ſurface. or 
-glaſs which cannot make rays go parallel that diverged from the eye. For 

then PR or vx will always be greater than AC. es 
The rule is true in a globe or in any number of ſurfaces, taking 4 
for the concourſe of the incident and emergent parts of the viſual ray 
produced, and a perpendicular AC upon the axis, inſtead of the aperture 

of a ſingle glaſs. | 
"The diſtances 145. It _—_— by the conſtant ſimilitude in the ſhapes of the trian- 
apparent ob. gles A P, AOo, that the ratio of Aw to AP, that is of the diſtances 
jetts from the Of the apparent and real objects from the glaſs, is the ſame as the ratio 
; --» va of AOto As, that is of the diſtances of the eye and its conjugate focus 
Fig, 209, 210. from the glaſs. Conſequently in refractions at a plane ſurface this ratio 
a Art. 31. is the ſame as of the ſine of incidence to the fine of refraction * of a ray 
coming from the object to the eye; which in refractions out of water in- 
b Art. 23. to air is as 3 to 4; and in reflections at a plane it is a ratio of equality. 
Sometimes an 146. Therefore in theſe two caſes the object appears in the place of its 


du ide pber ef image; not becauſe the rays diverge from that place to the which 


"Its image. e ſenſe does not perceive, but becauſe the object is equal to the ĩmage; 


and conſequently its apparent magnitude and diſtance are the ſame as if 
it was put in the place of the image and viewed there by che naked eye. 
But if an object be put in the place of an image which is leſs than it 
© Art. 105. ſelf, it will appear bigger and conſequently nearer to the naked eye than 
d Art. 138. it did in the glaſsd; that is, the object in the glaſs will appear remoter 
than the place of its image: and on the contrary. And in general, the 

apparent diſtance of an object, is to the real diſtance of its laſt image, 
as the real magnitude of the object, to the real magnitude of that image. 
Becauſe the apparent object (wx ) and the laſt image, ſubtend the ſame 
How che ap 147. While the glaſs and eye are fixed, and the object is gradually re- 
parent diſtance moved from the glaſs, we may ſuppoſe the lines OA, Aso to be fixt and 
> ger only the parallel P@ to be moveable ; and from hence it will be evi- 
eye are fixx dent, eſpecially from the conſtant ſimilitude in the ſhape of the variable 
and object is triangle PAw, to the fixt triangle o AO, chat, in all glafſes which can- 
Fig. 197 to not make the ray AP go parallel to the axis, while AP increafes, Au 
220. and Ow will alfo increaſe perpetually, wherever the eye is fixt; and 
5 that Oz will alſo increaſe perpetually in any other glaſs that can make 
the ray AP go parallel to the axis, when the eye is fixt W 
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enAr. 85. ACQUIRED BY $10mMmT. 95 
laſs and its principal focus. But if the eye be fixt at this focus, A 
— nothing, Or will be conſtantly equal to its focal diſtance; and 
when the eye is fixt on this fide the focus, Ow will decreaſe till P arrives 
at o, and after it has paſſed over o, O will increaſe tually till it 
equals O.4 when 9P equals oA; and alſo till it equals OP, when the 
angle PO A becomes equal to, ＋ or AOC; that is when the true and 
apparent magnitudes of the object become equal. ; 
148. There will be the like variations of apparent diſtance while the How it varies 
glaſs and object are fixt and the eye is gradually removed from the glaſs; — 
that is in all ſorts of glaſſes and ſurfaces which cannot make diverging x: and the 
rays become parallel, while AO increaſes, O will alſo increaſe perpe- eye is moved. 
tually wherever the object be fixt; and in any other glaſs that can make | 
them parallel, Ox will alſo increaſe when the object is fixt between this 
glaſs and its principal focus. But if the object be fixt at this focus, O 
will be conſtantly equal to its focal diſtance; and when the object is fixt 
on this fide the focus, O will decreaſe till o arrives at Q, but after it has 
mow over Q,, Ox will increaſe perpetually; till it becomes equal to 
Aand then to OP as in the former article. | 
For the glaſs and object being fixt, the image of the object is alſo fixt See Plate 13. 
in place and magnitude; and being beyond the glaſs in the two firſt ca- 
ſes, the angle it ſubtends at the eye will continually decreaſe, while 
the eye recedes from it and from the glaſs; and conſequently the given & * 
object ax will ſubrend that decreafing angle at greater and greater diſtan- 
ces from the eye : but when the object is at the principal focus, the an- 
. gle which meaſures its apparent magnitude will be invariable ; and con- 
ſequently Oz will alſo be invariable and equal to the focal diſtance; and 
when the object is farther from the glaſs than its focal diſtance, its image 
will be on this fide of the glaſs, and the eye in receding from the glaſs 
will firſt come nearer to the fixt image till it paſſes by it, and then re- 
cedes from it; ſo that the apparent magnitude will firſt increaſe and then 
decreaſe, and conſequently the ap t diſtance will firſt decreaſe to no; 
thing, and then increaſe — wg | a Art. 140. | 
149. Two perſons N d, Fs 2 viewing one another through any given Two perſons 
lens AC, appear at equal diſtances from one another. For let two rays Fey nn 
PAO, N AY. croſs one another at any point of the lens and let the vi- hrough a lene 
ſual rays OA, QA produced meet the parallels Pw, Ny in-w and , and apppear at the 
the perpendiculars , vo will be the apparent objeas?. Now fince the — 2 
bendings of the rays NA, PAO are equal, the angles NAO, P AS, ater. 
are alſo equal, and being but ſmall, NO is to PQ, (as AO to AQ? or) Fs 227 1% 
as the angle I to the angle AOC*: that is the apparent objects re, b Ar. 139. 


Tx are proportionable to the angles they ſubtend at the eyes Q, O, and I 45- 
conſequently their diſtances from them are equal, as in all caſes of vi- . Af. 27 
fion with the naked eye, N 


150. Hence 
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hoy two * 150. Hence when the glaſs is at any two places C, D equidiſtant from 
Leas equidig the extremities of the given interval O, the object will appear at the 
tint from the ſame diſtance to the ſame eye. For Ox, the apparent diſtance of the ob- 
Ferons. Jet P, being equal to, 2 -, the apparent diſtance of the object NO ſeen 
throuch the glaſs at the diſtance Q, will alſo be equal to the apparent 
diſtance of the object PQ, ſeen through the glaſs removed to the di- 
ſtance OD equal to QC. 
How thatap- 15 1. When the interval between the eye and object is fixt and a con- 
Pies white Cave lens is gradually moved from either end of it to the other, the ap- 
the eye and parent diſtance of the object will firſt increaſe and then decreaſe again ; 
ohjectare xt and will be the greateſt of all when the glaſs is exactly in the middle of 
is moved that interval. But when a convex lens is carried from either end to the 
other, the apparent diſtance of the object will firſt decreaſe and then in- 
creaſe and will be the leaſt of all when the lens is exaQly in the middle 
of the interval, provided it be leſs than 4 times the focal diſtance of the 
lens; but if it be equal to 4 focal diſtances, the apparent object will 
ſeem to touch the eye, being infinitely great and infinitely confuſed, 
when the glaſs is in the middle. And when the interval berween the eye 
and object is bigger than 4 focal diſtances, the object will appear infi- 
nitely great and confuſed and conſequently infinitely near to the eye, 
when the lens is at two places, ſuppoſe at C and D equidiſtant from 
the eye and object; ſo that while the lens is carried from either end to 
the other the apparent diſtance will firſt decreaſe, and then increaſe, till 
the lens gets to the middle, and then will decreaſe and increaſe again till 
the lens gets to the end: and when the lens is in the middle the appa- 
rent diſtance of the object will be leſs, equal or greater than its true di- 
Nance, according as the whole interval is leſs, equal or greater than 8 
focal diſtances of the lens; and conſequently if greater than 8, the a 
parent diſtance will be equal to the true diſtance, when the lens is at 
two places between C and D equidiſtant from them and from the mid- 
dle: and all this while the apparent magnitude of the object will in- 
creaſe when its apparent diſtance decreaſes, and on the contrary a; as 
one will find that pleaſes to make the experiment. And the reaſon of all 
theſe appearances is ſhewn by an eaſy rule in the next book. | 
Appearanes 152. When an object PR is inclined to the axis of any glaſs, its ap- 
of inclinedob- parent inclination.may .be determined, as before *, by drawing the lines 
jets er P, Re parallel to the axis or unrefracted ray OC, till they meet the 
Fig. 231 to rays, OA, OB, by which the points P and R are ſeen, in wand e; and 
DR. 130. by drawing the line ae, which will be the apparent object. Becauſe its 
Art. 139. * - , 
extremities w, e, viewed by the naked eye, are the apparent places, in 
the glaſs, of the extremities of two other objects conceived to touch the 
extremities of the inclined object PR, and to ſtand perpendicular to the 
£ Ant 139. Axis of the glaſs : obſerving, as before, that when PR and AB are on 
con- 


-a Art. 140. 
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contrary ſides of the axis, the naked eye muſt either be inverted and turn- 

ed about to view the inclination of we, or elſe two other diſtances Op and 

Or muſt be taken equal to Ox and Oe in oppoſite parts of the ſame rays 

produced; and then if the glaſs be removed, the line pr will appear in the 

ſame place and poſition as the object PR appeared in, in the glaſs. . 
153. Hence if an object PR be parallel to the axis of the glaſs, pro- And of object, 
duce it till it cuts the viſual rays OA, OB in æ and g; and the line Parlel. te the 
ae will appear to the naked eye in the ſame place and poſition as PR Fiz. 240 to 
appeared in, in the glaſs. It is to be obſerved that though the real-places of 246. 

the lines PR, ę are parallel to the axis, yet they do not appear ſo to the 

naked eye; but ſeem to converge towards the remoter parts of the axis, 

for a reaſon to be mentioned in Art. 156, 

By the deſcription of cauſticks in Art. 69 & c. and by the figures there Definition. 
explained, it is eaſy to underſtand, that the edge of a thin plate may be 8 131. Ke. 
formed into a curve of ſuch a ſhape and degree of convexity, that when 
it is applyed within the concavity of a leg of a given cauſtick, it ſhall 
touch every ray in a different point of its convexity *. This convex edge 
it ſelf may be called the leg of the cauſtick; and is repreſented in the fol- ans 
lowing figures by the curve p3pv or 4390, &c. 

154. Hence when the eye is fixt at any point o, placed any where but Viſual rays 
in the very curve of a given cauſtick, formed by refractions or reflections 3 
of all the rays that flowed from P; the viſual ray“ by which the point P cauſtick. 

is then ſeen, may be found by drawing a line from the eye ato, that ſha}l 54, 249 © 
touch a leg of the cauſtick in a ſingle point 3, without cutting the ſame : Ait. go. 
leg. And if you conceive a fine line or ſtring to be fixt at the fartheſt 

end of this leg from the eye, and to be lapped upon a part of its con- 

vexity, and thence to be extended from it in a ſtraight line 3 po, the 

point P will always appear in the ſucceſſive directions of this ſtring, 

while the eye, or the cauſtick it ſelf, is moved ſideways. 

155. If a ſmall round object be ſeen inverted through a ſphere, or in ſo How the ap- 
large a portion of a reflecting concave ſurface as to form a cauſtick, it Pen met” 
will appear biggeſt and neareſt to the eye placed in a line drawn through jea varies by 
the object and the center of the ſphere or ſpherical ſurface: and the object moving. the 
will appear gradually ſmaller and remoter while the eye, or the ſphere, or ga gqeways, 
the object it ſelf, is moved fideways: and the contrary appearances may 

happen in a leſſer degree when the object is ſeen upright, in the caſes ſpe- 

cified by the figures, which among other ways may be thus demonſtrated. 

Through the center E of the ſphere or ſpeculum, draw two lines E P, Fig. 249 to 
E touching the oppoſite ſides of the ſmall round object PY ; and of all the 53. 
rays that flow from P, let the neareſt to the line PEp, belong to the focus p 
after refractions or reflections; and the reſt of them will be formed into a 
cauſtick, whoſe legs pv, px are always convex towards PEp, the axis of the 
pencil *. Alſo let qy and q2 be the legs = another cauſtick formed by = Art. 69 Ke. 

ä penci 


See Art. 
446. 
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pencil flowing from , whoſe axis is QE. Then with the center E, and 
any ſemidiameter E/, draw an arch /mno, cutting the (produced) axes 


Pp, 2 in land n; and from the eye firſt placed at n within the angle En 
under the axes, draw the lines 2p, m 29 ſo as to touch a leg of each 


Art. 154. cauſtick; and the object — vr appear under the viſual angle 25m 29 *; 
| e 


Again from the eye removed to any point o placed out of the angle En 
under the axes, draw two other lines 3 p, o 3 9 touching a leg of each 
cauſtick at 3 % and 33; and the object PQ, will now appear under the 


| * Art, 154. Viſual angle 3p039*, 


Now while the eye is moving ſideways in the arch u, one of the 
points of contact 2p will move continually in the ſame leg from 2 to 
30; but the other point 29 will move firſt from 29 to ꝗ in the ſame leg, 
and then will return along the other leg of the ſame cauſtick from its 
cuſp q to the point 39. And fo the viſual rays 3%, 3 qo will now come 
to the eye at o, from thoſe legs of the two cauſticks that lye both on the 
ſame ſides of their axes Ep, Eq. a 
Let any circle deſcribed upon the center E, cut the two laſt mentioned 
legs 3 pp, 399, in the points v and y, and their reſpective axes Ep, Eq 
in c and 4; and ſince the two cauſticks, upon account of the equal diſt- 
ances EP, EA, reſulting from the roundneſs of the object PQ, are e- 
qual to each other, it is eaſy to underſtand that the arch c v is equal to 4, 
and conſequently that the arch vy between theſe two legs, will be equal 
to the correſponding arch cd between their axes. And the like property 
being true in every circle deſcribed about the ſame center E, it appears 
that theſe legs approach towards each other in approaching towards the 
center E. 
Fig. 249,250. Therefore when the object appears inverted to the eye any where in 
* Art. 103. the arch mno*, it will appear biggeſt when the eye is between the axes Ep, 
Art. 138. Eg, and gradually ſmaller, and conſequently remoter “, while the eye is 
moving ſideways, becauſe the viſual angle decreaſes. And it is not difficult 
to underſtand by conſidering the 2511t, 252d, and 253d figures, that the 
-contrary may happen when the object appears upright. IE 
It is eaſy to apprehend that there will be a like variety of appearances, 
when the eye ſtands {till and the object is moved ſideways in a circle P. 
-whoſe center is E; and alſo when the center E of the ſphere or ſpeculum, 
is moved ſideways in a circle whoſe center is at the object, 
"Parallel lines 1506. Parallel lines ſeen obliquely, as ABC, DEF, appear to converge 
deen obliquely more and more as they are farther extended from the eye. Becauſe the ap- 
=" con Parent magnitudes of their perpendicular intervals AD, BE, CF, &c. are 
Fig. 266. perpetually diminiſhed. And . the ſame reaſon they appear to converge 


towards an imaginary line OG drawn from the eye parallel to them. 

| This is the reaſon that the remoter parts of a walk or a floor ap 
£0 aſcend gradually, and the cicling to deſcend towards the —_ _ 
. 4 NC 


* 
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line OG: and that the ſurface of the ſea, ſeen from an eminence, ap- 

pears to aſcend gradually in going from the ſhore; and that the upper 

Foun of very high buildings ſeem to lean forward over the eye below; 
cauſe they ſeem to approach towards a vertical line OG. 

157. The apparent magnitude of a given line, AB, feen very ob- How the ap- 
liquely at a given diſtance, OA, increafes and decreaſes in proportion to ge magni 
the increaſe and decreaſe of, O, the perpendicular diſtance of the eye lique obje& - 
from the line AB produced; provided the diſtance 40 be very large _— - 
in compariſon to AB. For let the ray BO cut a line AC perpendicular 
to AB in C; and while the eye is raiſed or depreſſed in the perpendicu- 
lar @P, the line AC will increaſe and decreaſe as OP does, and fo will 
the angle AOC ſubtended by AC*, and this angle meaſures the apparent a art. 59. 
magnitude of AB. b Art. 98. 

Hence the apparent magnitudes of equal parts AB, 4 f of a line PAs, 
ſeen very obliquely at great diſtances from the eye, are reciprocally in a 
duplicate — of thoſe diſtances. For example let O g be double 
of OB, and the angle OB will be double of Os P*, and accordingly c Art. 60. 
ſince AB, ag are equal, the perpendicular AC will be double of ay 
and being ſeen twice as near as ay, will appear four times bigger than 
ay. Again if O be treble of OB, the line AC will be treble of ay, and 
being ſeen three times nearer than ay, will appear nine times bigger than 
4); andſo on. 

Hence the apparent intervals between a row of columns are diminiſhed 
in a greater proportion than their apparent heights. | 

158. This quick diminution of the apparent magnitudes of the remo- Why unequal 
ter parts of long lines or diſtances, is the cauſe of great difficulty and warm of 
uncertainty in our eſtimate of their quantities. For be the differences of 
ſeveral diſtances or heights never ſo great in themſelves, they will be- 
come inviſible at laſt þy reaſon of the ſmalneſs of the angles they ſub- 
tend at the eye, occafioned by their obliquity : and then thoſe unequal 
heights and diſtances will appear equal. N | 

159. Diſtances from the eye ſeen ooo a rough, uneven ſurface ap- And 2 

r ſhorter, than if it was perfectly plane. For the inequalities of the Me. _-- 
urface, ſuch as hills and holes and rivers that lye low and out of fight, longer. 
either do not appear or hinder the parts from appearing that lye behind 
them; and ſo — whole apparent diſtance is diminiſhed by the 
that do not appear in it. It is a common obſervation that the banks of a 
river appear contiguops to a diſtant eye when the river is low and is not 
ſeen: inſomuch that travellers in a ſtrange place are frequently uncer- 
tain where the river runs, and whether the objects they fee before them 
are on this fide or on that fide of it. And when a flag or weather-cock ap- 
pears above any high building, the fight alone at a moderate diſtance 
cannot diſtinguiſh whether ir belongs to that building or to ———— 

| H 2 
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behind it. In like manner the ſun, moon, and clouds, and the tops of 
mountains, and all objects in the horizon, when ſeen in the ſame direc- 


tion appear all at the ſame diſtance. 


160. The four laſt articles atford a ſolution of ſeveral fallacies in vi- 
fion, ſome of which I have here collected. Since oblique diſtances ap- 
pear longer in proportion as the eye is raiſed higher, to view them more 


fully; it follows that being placed at a diſtance from a gentle aſcent, 


like the ſtage at a play-houſe, or a riſing mount at the end of a walk, 
we ſhall judge thoſe aſcents much longer than if they were level; eſpe- 
cially if they be artfully contracted in the remoter parts. For by not ob- 
ferving, or attending to, the reality of theſe aſcents, we form the * idea 
of them, as is uſually ſuggeſted to the mind by a longer level walk with 
parallel ſides. Now ſince the riſing of the ground together with a gra- 
dual diminution of its breadth, when not obſerved, do make it ſeem 
longer and conſequently leſs diminiſhed in breadth than it the ſame ex- 
tent was level, with parallel fides; it ſhould follow that a gentle aſcent 
alone, whoſe ſides are parallel, ſhould ſtill widen the appearance of their 
remoter parts, ſo as to make the parallel ſides appear parallel or even 
diverging; which is contrary to the common appearance of parallel ſides. 
A deception of this kind may be ſeen in a Viſta of parallel rows of trees, 
when viewed at the front of the Honourable Mr. North's houſe at 
Rougham in Norfolk ; as 1 am informed by a neighbour of his, my wor- 
thy friend Martin Folkes Eſq; whoſe great knowledge and curioſity lets 
nothing eſcape him. Being aſſured by Mr. North that the trees were pa- 


rallel, which ſeemed to diverge, he was much ay i at this uncom- 
mon appearance; till after a little conſideration, 


perceived that the 
cauſe of the deception was a gentle riſing of the ground where the trees 


were planted, and a gentle deſcent for half a mile from the houſe to the 


beginning of the plantation. 

He has alſo told me, that upon coming into a ftreet, in a dark night, 
where there was but one row of lamps, he has often miſtaken the fide 
of the ſtreet they were in; which he accounts for in this manner. Let O 
be the ſpectator, A, B, C, D, the lamps on his right hand; Aa O, BbO, 
Ce O, DdO the rays that come to his eye. Now if he happens to ima- 
gine the neareſt lamp A to be the remoteſt, ſuppoſe at 4; he will con- 
ſequently imagine all the reſt to be at a, 6, c, d in a contrary ſituation of 
a line extended on his left hand. 4 | 

The oblique ſituation of an object ſeen alone is ſuggeſted to the mind 
by a greater apparent magnitude or a diſtincter perception of the nearer 
than of the remoter parts. And conſequently if the object be ſo remote 
or ſo uniform that we are not affected with a ſenſible difference in thoſe 


| perceptions, we are ſubject to miſtake its poſition. For an object may ap- 


pear under the ſame angle 40 D in two oblique poſitions AD and ad. 
; * Hence 
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Hence we ſometimes miſtake the poſition of a weather- cock or a flag; 
and by taking the neareſt end of the fail of a wind- mill for the remoteſt, 


we ſometimes miſtake the courſe of its circular motion. For if a ſpec- Fig. 265: 


rator at O, ſituated nearly in the plane of the fails produced, imagines 
the fartheſt end A of a fail AE to be the neareſt, and the real motion of 
the fails be in the order of the letters ABCDE; when A is moved to B 
and the line BO is drawn, cutting the circle ABCDEinD; ſince he 
firſt imagined the end A to be at E, he will not now conceive it at B but 
at D; and ſo will imagine the courſe of the motion to be from E to D; 
which is contrary to the real motion from A to B. The uncertainty 
we ſometimes find in the courſe of the motion of a branch or hoop of 
lighted candles, turned round at a diſtance, is owing to the ſame.cauſe : 
and alſo that we miſtake a convex for a concave ſurface ſometimes with 
the naked eye, but more frequently in viewing ſeals and impreſſions 
with a convex glaſs or a double microſcope; and hills and valleys in the 
moon with teleſcopes, eſpecially if they invert the object: being led in- 


to the miſtake by an imperfect judgment of the diſtances of the parts of 


the object, and confirmed in it by a contrary poſition of the ſhadows caſt. 
by a fide light. 

We are frequently deceived in our eſtimates of diſtance by any extra- 
ordinary magnitudes of objects ſeen at the end of it: as in travelling to- 
wards a large city or a caſtle or a cathedral church or a mountain. lar- 
ger than ordinary, we think they are much nearer than we find them 
to be upon trial. For ſince by experience the ideas of certain quantities 
_—_— diſtances are uſually annexed to the apparent magnitudes of 

wn objects of a common ſize; and ſince the apparent magnitudes of 
thoſe larger objects at a greater diſtance are the ſame as of the ſmaller 
at a ſmaller diſtance, it is no wonder they ſuggeſt the uſual idea of ſmal- 
ler diſtance annext to more common objects. 'This is farther evident, 
becauſe we are ignorant of the nature of the country; and of the inequa- 
lities in the ground IR 1 Buoy it 

Animals and all ſmall objects ſeen in valleys, contiguous to large 
mountains, appear extraordinary ſmall ; becauſe we think the mountain 
is neater to us than if it was ſmaller ; and we ſhould not be ſurprized at 
the ſmalneſs of the neighbouring animals if we thought them farther 
off. In like manner when they are placed upon the top of the mountain 
or upon a large building and are viewed from below, we think they are 
extraordinary ſmall for the ſame reaſon, and alſo becauſe we judge the 
mountain or the building to be lower in proportion than if it was ſmal- 
ler; both becauſe of its extraordinary magnitude and greater obliquity 
of its higher parts to the viſual rays. Dechales tells us that while he 
ſtood at the bottom of a mountain, he once obſerved a parcel of crows 
going to fly over it, which at firſt he thought were higher than the 
. moun- 
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mountain; becauſe, I ſuppoſe, they ap ſo very ſmall in compa- 
riſon to it; but he found they ſpent half an hour in aſcending — 
they got to the top of it. The part of the Mozument extant above the 
tops of the adjoining houſes, I am told, is 5 times longer than the height 


of the houſes, and yet from below that part appears but two or three 


* 
The greateſt 
quantity of 
apparent diſ- 
tance deter- 
mined. 


Fig. 270. 


a Art. 97 


_ 8 at moſt; becauſe of its unuſual magnitude and obliquiry to 
the fight. 


Aguilonius mentions a fallacy in diſtance which he had frequently ob- 
ſer ved and admired. In a warm ſummers morning when fogs are exha- 


led from moiſt ground, we frequently ſee them very near us in ſome 


known place ; but ſo ſoon as they are ſeparated from the ground and are 
going to aſcend they appear ſo remote, that, fays he, I could never have 
believed they hung over that place, had I not ſeen them there but the. 
moment before. The reaſon is they then appear in the manner and di- 
rection of other remote clouds in the horizon; whoſe difference in diſ- 
tance cannot be diſcerned, for want of ſome viſible furface extended be- 
rween them; like the ſurface of the ground when the rifing cloud lay 
upon it. | 
It is ſaid to be a common obſervation made by travellers. in the night 
or the dusk of the evening, that near objects, as trees and houſes. are of- 
ten taken to be very large and remote. The reaſon may be, that being 
unable to diſcern the quantity of ground interpoſed, they refer them to 
the brighter ſky in the horizon, and ſo think they are remoter and con- 
ſequently larger: as I remember a red coat of arms, upon the top of an 
_ gate at the end of a walk, was taken for a brick houſe in the fields 
yond it. | aN 
161. If the ſurface of the earth was perfectly plane, the diſtance of 
the viſible horizon from the eye would ſcarce exceed 5000 times the 
height of the eye above the ground,. or the diſtance of miles ſuppoſing 
the height of the eye between g and fix foot: and all objects placed be- 
yond this diſtance would appear in the viſible horizon. For let OP be 
the height of the eye above the line PA drawn upon the ground; and 
if an object AB, equal in height to PO, be removed to a diſtance PA 
equal to 5000 times that height, it will hardly be viſible by reaſon of 
the ſmalneſs of the angle AOB*. Conſequently any diſtance AC, how 
great ſoever, beyond A, will be inviſible. For ſince AC and BO are pa- 
rallel, the ray CO will always cut AB in ſome point D between A and 
B; and therefore the angle 4OC or AOD will always be leſs than 
AOB, and therefore AD or AC will be inviſible. Conſequently all ob- 
jects and clouds, as CE and FG, placed at all diſtances beyond A, if 


1 Dechales,Curſus Math. Tom. 3. p. 435- 
3 4ppitegii Optica p. 223. 
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they be high enough to be viſible or to ſubtend a bigger angle at the eye 
1 will appear at the horizon AB; becauſe the diſtance AC is 
inviſible. | 
162. Hence if we ſuppoſe a vaſt long row of objects, or a vaſt, ' Apparent con- 
wall, ABZY, built — vaſt — and its perpendicular Aldanes e e 
OA from the eye at O, to be equal to, or greater than, the diſtance Os Fg f 
of the viſible horizon, it will not appear ſtraight but circular, as if it 
was built upon the circumference of the horizon acegy: and if the 
wall be continued to an immenſe diſtance, its extream parts T will a 
pear in the horizon at yz where it is cut by a line Oy parallel to * 
wall. For ſuppoſing a ray TO, the angle 7Oy will become inſenſibly 
ſmall. Imagine this infinite plane OAYy, with the wall upon it, to be 
turned about the horizontal line Oy, like the lid of a box, till it becomes 
an uma to the other half of the horizontal plane LMy, and the 
wall parallel to it, like a vaſt ceiling over head; and then the wall will 
appear like the concave figure of the clouds oyer head. But though the 
wall in the horizon appeared in the ſhape of a ſemicircle, yet the ceil- 
ing will not, but. much flatter, Becauſe the horizontal plane was a viſi- 
ble ſurface, which ſuggeſted the idea of the ſame- diſtances quite round 
the eye, but in the vertical plane extended between the eye and the ceil- 
ing, there is nothing that affects the ſenſe with an idea of its parts but 
the common line Oy, conſequently the apparent diſtances of the higher 
parts of the ceiling will be gradually diminiſhed in aſcending from that 
— Now when the ſky is quite overcaſt with clouds of equal gravi- 
ties, they will all float in the air at equal heights above the earth, and 
conſequently will compoſe a ſurface, reſembling a large ceiling, as flat 
as the viſible ſurface of the earth. Its concavity therefore is not real but 
apparent: and when the heights of the clouds are unequal, ſince their 
real ſhapes, and magnitudes are all unknown, the eye can ſeldom diſtin- 
guiſh une qual diſtances of thoſe clouds that appear in the ſame 
directions, unleſs when they are very near us, or are driven by contrary 
currents of the air. So that the viſible ſhape of the whole ſurface re- 
mains alike in both caſes. And when the ſky is either partly overcaſt or 
perfectly free from clouds, it is matter of fact we retain much the ſame 
idea of its concavity as when it was quite overcaſt. But if any one thinks 
that the reflection of light from the pure air, is alone ſufficient to ſuggeſt 
that idea, E not diſpute it. = 3 
163. The concavity of the heavens appears to the eye, which is the Apparent con- 
only judge of an ap rent figure, to. be £ = apes! a of a ſpherical ſur- Tele 
face than a hemi — mean that the center of the concavity is 1 
much below the eye, and by taking a medium among. ſeveral, obſer- 
vations, I find the apparent diſtance of its parts at the horizon is general 
ly between three and four times greater than the apparent diſtance of its 
| parts 


' &r up. ing the arch ABC to repreſent that apparent conca- TFfefam or jApparent 
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Fig. 272. parts overhead. For let the arch ABCD repreſent the apparent conca- 
vity of the ſky, O the place of the eye, OA and OC the horizontal and 
vertical apparent diſtances, whole proportion is required, Firſt obſerve 
when the ſun or the moon or any cloud or ſtar is in ſuch a poſition ar 
B, that the apparent arches BA, BC, extended on each fide of this ob- 
ject towards the horizon and zenith, ſeem equal to the eye; then taking 
the altitude of the object B with a quadrant,” or a croſs-ſtaff, or finding 
it by aſtronomy from the given time of obſervation, the angle 405 
is known, Drawing therefore the line OB in the poſition thus deter- 
mined, and taking in it any point B at pleaſure, in the vertical line CO 
produced downwards ſeek the center Eof a circle ABC, whoſe arches 
BA, BC, intercepted between B and the legs of the right angle 40 C, 
ſhall be equal to each other; then will this arch ABCD repreſent the 
apparent figure of the ſæy. For by the eye we eſtimate the diſtance be- 
tween any two objects in the heavens by the quantity of ſky that appears to 
lye between them; as upon earth we eſtimate it by the quantity of ground 
that lyes between them. The center E may be found geometrically by 
conſtructing a cubick equation, or as quick and ſufficiently exact by try- 
ing whether the chords BA, BC, of the arch AB C drawn by conjecture, 
are equal; and by altering its radius BE till they are ſo. Now in mak- 
ing ſeveral obſeryations upon the ſun and ſome others upon the moon 
and ſtars, they ſeemed to me to biſect the vertical arch ABC at B, when 
their apparent altitudes or the angle AO B was about 23 degrees; which 
gives the proportion of OC to OA as 3 to 10 or as 1 to 3+ nearly. When 
the ſun was but 30 degrees high, the upper arch ſeemed always leſs than 
the under, and I think always greater when the ſun was about 18 or 
20 degrees high. . « SIGHLY Of 
Why the ſun 164. I have been the more particular in conſidering the apparent fi- 
and moon ap-: gure of the ſky, becauſe I do not find it has ever yet been determined; 
0 _ although it be abſolutely neceſſary to a ſatisfactory ſolution of ſeveral no- 
zon than high- ted appearances in the heavens. For inſtance, ſuppoſ- * HILLS 


Pg. 273. vity, I find the diameter of the ſun or moon will |moon's al- {diameters 


. 0 ti d . di . 
ſeem to be greater in the horizon than at any propo- 7 mare 


ſed altitude, meaſured by the angle AOB, in the | — 
proportion of its apparent diſtances OA, OB. The | ©? 
numbers that expreſs theſe proportions are ſet down | 75 


in this table, over againſt the correſponding altitudes | 3% | 5? 
of the ſun or moon, and are alſo exactly repreſented #5 1:7 49+; 
to the eye in the 273d figure, in which the moons | 2 | 34 
placed in the quadrantal arch FG, deſcribed- about 75 4 31. 
the center O, are all equal to each other, and repre- 22.38 
ſent the body of the moon at the heights there note; 


— * 
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and the unequal moons in the concavity ABC are terminated by the vi- 

ſual rays that come from the circumference of the real moon, at thoſe 
heights, to the eye at O. The diameters of theſe unequal moons at Aand © 

B do therefore bear the ſame proportion to each other as their apparent 
diſtances OA. OB; and they muſt appear in the very ſame propor- Art. 57- 
tion that they really have in this concave, becauſe we judge all ob- | 
jects in the heavens to be in this very ſurface b: and ſo the appearance b Art. 161, 
to the eye is exactly the ſame as if ſeveral moons were painted upon a * | 
real ſurface ABC in the proportions here aſſigned ; in which caſe we 

ſhould certainly judge the real magnitudes of the larger paintings of the 

lower moons to be really larger; though the viſible magnitudes of them 

all, anſwering to their equal images upon the retina, were exactly equal. 

And let any one confider when he looks at the moon, whether it does 
— to be a real, tangible ſubſtance, as well as all other objects we 

ook at. . 
165. For the ſame reaſon all other objects, and diſtances of ſtars in This ſolution + 
the heavens, as well as the ſun and moon, muſt ſeem to be greater in 8 
the horizon than in higher ſituations; and it is well known they do ſo. of ſtars. 
Hence I deduce another experimental proof, that theſe proportions of 
the moon's apparent magnitudes are exactly aſſigned. In a clear ſtar- 
light night take notice of the diſtance of any two ſtars that lye very near 
each other, and as high as poflible ; and at the ſame time pick out two 
other ſtars ſituated as low as poſſible, whoſe diſtance from each other 
ſeems-equal to that of the two higher ſtars. Then by a globe, map, or 
by calculation, find the real diſtances of each pair of ſtars in degrees and 
minutes and alſo the altitudes of the middle points of thoſe diſtances as 
bove the horizon; and take the arches Fr, Fs equal to them; and ſet pi. 24 
off the arches Hand r each equal to half the diſtance of the higher 
ſtars, and likewiſe 5K and 5 L each equal to half the diſtance of the lower. 
Then from O to the points H, 1, K, L draw lines cutting the concave 

ABC, already determined by the method of biſection ©, in the points c An. 163. 
b, i, E, I. Theſe points, if each couple of ſtars were in a vertical circle, 
would be their apparent places; and if their ſituation be not vertical, 
yet the N ſubtenſes m, En (of the angles hOz, EO!) which 
in ſtars very near together are the meaſures of their apparent diſtances, 
are not altered by their oblique ſituation. Now by ſeveral obſervations 
and conſtructions I have found theſe ſubtenſes hm, En to be nearly equal 
to one another; and ſince they appeared ſo in the heavens, it ſhews that 24 
che concave ABC was determined right. Therefore if H and KL were 
the real diameters of two unequal moons, they would appear equal at þ 
and þ, and conſequently if the lower moon at KL he increaſed till it e- 
quals the higher at H, then the _ kOn, hOm being now og ths 

ubtenſe 


a Art. 57. 


Figure of the 


ſky deter- 
mined another 


way. 


Phe like ap- 


pearances ſol- 
ved in the 
rain-bow and 
halos. 


* * - a 
* ® 18 — 


66 CONCERNING OUR 1D 148 BOOK B, 
ſubtenſe EA will be greater than hm in the ratio of their apparent diſ- 
tances O+ to O5, which is the thing we aſſerted of the real moon. 
166. Hence we have another method for finding the apparent figure 
of the heavens by the foregoing obſervations of the ſtars. Aſſume one 
of the diſtances from the eye, as Ok, of any length you pleaſe, and take 
the other Oh in proportion to Ok as KL to HI, and joining & biſect it 
in r, and draw a line ? E perpendicular to it till it meets CO, produced, 
in E; this will be the center of the apparent concave; which I need 
not ſtay to demonſtrate. In the diſtances HT, KL, eſpecially in the lat- 
ter, if the two ſtars be in a vertical circle or near it, allowance ſhould 
be made for the refraction of the air. ; 
167. This apparent concave, being leſs than a hemiſphere, is alſo the 
cauſe that the breadths of the colours in the inward and outward rain- 
bows, and the interval between the bows, appear leaft at the top and 
greateſt at the bottom, and in deſcending from top to bottom are gra- 
dually increaſed, though the angles ſubtended at the eye by all thoſe 
breadths are the ſame in every part of the bows: and by an eſtimate of 
the apparent breadths of the inward rain-bow at two different heights, 
made by a friend, I determined the apparent concavity of the ſky to be 
much the ſame as by the former methods. And I take it to be owing 
to the ſame cauſe that a halo about the fun or moon. does not appear 
circular and concentrick to the ſun or moon but oval and excentrick, 
with its longeſt diameter perpendicular to the horizon, and extended 
from the moon further downwards than upwards, as Sir 1/aac Newton 
has deſcribed one in his opticks, page 290. For it appears by Hugen's. 
theory of halos, explained hereafter, that the rays which cauſe their vi- 
fible appearance compoſe the ſurface of a cone, whoſe ſection made by 
a plane perpendicular to the ray that comes to the eye from the ſun or 
moon, is circular and concentrick to the ſun or moon; and therefore an 
oblique ſection of it made, as it were, by the apparent concavity of the 
ſky, which is the ſame as the perſpective projection of it upon that con- 
cave, muſt be ſuch an oval — as Sir 1/aac Newton deſcribed. 
This oval figure is alſo taken notice of in a halo obſerved by Mr. Wh:/- 


ton, and its excentricity has been obſerved by Dr. Halley : and I 


have lately obſerved the ſame things my felf even when the moon. was 
very high 3. Now fince the angle which the diameter of a halo ſubtends 
at the eye is always obſerved to be 45 or 46 degrees, I reckon that when 


the bottom of the halo is near the horizon, and conſequently its appa- 


rent figure is moſt oval, the apparent vertical diameter 46 is divided by 
the moon in the proportion of about 2 to 3 or 4, and is to the horizon- 


1 Phil. Tranſ. No. 369. p. 214. I. 6. 
2 Ibid. p. 211. 1. 23. 


3 21. Dec. 1729. at 7, ꝑ m. 
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tal diameter £4, drawn through the moon, as 4 to 3, pretty nearly. 
The oval in the figure is drawn according to theſe proportions to be com- 
pared with the appearance of a halo when it ſhall happen. 

168. What has been ſaid of the oval projection of a halo, is applicable Figure of the 
to the ſun or moon, whoſe projections are likewiſe oval, eſpecially near ſun and moon 
the horizon; but whether they appear ſo or not, is hard to judge, becauſe dered. 
this oval projection is ſo very ſmall and ſo remote, that we cannot well per- 
ceive a ſenſible difference in the diſtances of its upper and under limbs from 
the eye, and conſequently can judge of its figure by no other perception but 
that of the figure of its picture upon the retina. On the contrary the ſun in 
the horizon has been often obſerved to appear oval in a contrary poſition *, 
and by the preſent tables of refractions in the air, the angle ſubtended 
by its horizontal and vertical diameters are to each other in the ratio of 
g to 4 reſpectively, or thereabouts; becauſe the loweſt ray is more re- 
fracted than the higheſt. By this means the picture of the ſun upon the 
retina becomes oval, and cauſes this oval appearanſgſqe. 

169. The preſent theory is alſo confirmed by the appearances of the And confim- 


rails of comets; which, whatever be their real figure, magnitude and fi- © *y the . 
tuation in abſolure ſpace, do always appear to be an arch of the con- Fymets tai 


cave ſky. Upon the whole it appears to me that the judgments we make and meteor. 
of the apparent place, magnitude, ſhape, and poſition of all remote ob- 
jects in the heavens, as of the ſun, moon, comets, conſtellations, rain- 
bows, halos and all other meteors, are the very ſame as they would. be 
if we viewed their perſpective draughts traced out by the viſual rays 
upon a real ſurface in the place and figure of the apparent concavity of 
the ſky. In confirmation of which, I will conclude with Mr. Cotes's 
account of a remarkable meteor (ſeen on the 6th of March 1744) writ- 


ten in anſwer to a letter which he received from Dr. Dannye then Rec- 
tor of Spofferth in Yorkſhire. | ; | | 


170. The a of the meteor was very nearly the ſame with us The optical 
2 — as with you, excepting dar the — ſtreams of — 
light were not ſo permanent as you ſeem to deſcribe them, and the point meter, ſolved 
to which they all converged was diſtant from the zenith about 20 de- by Mr. Cores. 
grees, its azimuth lying between the ſouth and the eaſt at about 10 de- 
grees from the ſouth, towards which point of the compaſs the wind 
tended. The poſition of this point of convergence may be more accu- 
rately determined, if there be occaſion : for at a quarter after ſeven when 
the appearance to us was in the greateſt perfection it lay nearly in the 
middle between the two bright ſtars in the heads of Caſtor and Pollux. 
I am told that ſome ſtreams were ſeen to ſhoot forth immediately after 
ſun ſer, and that they did not perfectly ceaſe till about 3 or 4 in the 
morning. . | | xy 7 * 1 gr! 

I See Scheiner's Refractiones eœleſtes ſive * Elliptici Phænomenon. 1 
en n 2 
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It was after ſeven before I had notice of this uncommon fight. At firſt 
I ſaw only two or three of the triangular ſtreams. towards the north and 
north welt ; theſe were not of long duration but were ſucceeded by o- 
thers which appeared and vaniſhed again by turns, ariſing from and aſ- 
cending up to places in the heavens of very different altitudes above the 
horizon. e. the time I began to view them they continued to aſcend 
more and more copiouſly, being propagated ſtill further and further from 
the north towards the weſt and eaſt and directed always to the heads of 
Gemini, till at length when they ſeemed almoſt to meet at the point of 
convergence, they began to aſcend up towards it from the ſouthern parts 
alſo and all around it; inſomuch that at a quarter after ſeven we had a 
perfect canopy of rays over us. The bottom of this canopy did no where 


reach down to the horizon; for near the north, where it deſcended the 


moſt, its altitude was about 10 or 15 degrees, and near the ſouth, where 
it deſcended the leaſt, its altitude was about 40 degrees. It remained in 


this ſtate about 2 minutes during which time we ſaw ſeveral colours 


fome fainter and more permanent, others brighter, But quickly vaniſh- 
ing. Thus in the weſt I obſerved the rays to be tinged for ſome conſi- 
derable time with an obſcure and heavy red: and in one of the bright- 
eſt ſtreams at another time, there ſuddenly broke out a very vivid red 
which was inſtantly and gradually ſucceeded by the other priſmatick 
colours, all vaniſhing in about a ſecond of time. Theſe colours affected 
the ſenſe ſo ſtrongly that I thought them to be more intenſe than thoſe 


of the brighteſt rain-bow I had ever ſeen. A ſmall time before the ap- 


pearance loſt its perfection, we were ſurprized to obſerve a ſhaking and 


trembling of the ſtreams chiefly in their x parts, during which their 
ce 


convergence was confounded, and the whole heavens ſeemed to be in a 
convulſion. At the ſame time I could perceive waves of light towards 
the north which moved upwards and in their motion croſſed the ſtreams 
lying parallel to the horizon: Theſe waves were different from thoſe 
broad ones which you mention, and whigh I alla took notice of: their 
breadth ſeemed to be about a degree, theif*tength about go degrees; and 
I can compare them to nothing better than to thoſe ſlender waves upon 
the ſurface of ſtagnant water which are made by caſting in a ſmall ſtone. 
About ſeven or eight years ago, I happened to ſee a meteor which it 
will be of uſe to deſcribe to you. Along the horizon in the north there 
hay a white and luminaus, and ſeemingly denſe matter in the form of a 
cloud repreſented by abcd ; the length of it, 2b, was about 10 or 15 de- 
2 From this there aroſe directly upwards pointed ſtreams of the like 
uminous and white matter which yet did not appear in any part of it to 
be ſo denſe as the former; and grew gradually more and more rare in its 
upper parts ſo as to vaniſh almoſt inſenſibly at the points. There was 
{ſame little difference in the height of theſe ſtreams but they —_— 


— 
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aſcended 3 to about 4 degrees above the horizon. They were very nu- . 
merous and contiguous to each other, and ſeemed to be compoſed of ve. 
ry ſlender parallel filaments or rays. This was the common appearance, 
and the only remarkable thing which I farther obſerved was, that ſome- 
times a fire or flame would break out in the cloud, abcd, and move a- 
long it in a direction parallel to the horizon: and during this motion a 
pointed ſtream directly over the fire ſeemed to run along with it, and to 
0 = bal the other more fixed ſtreams to which it always kept it ſelf pa- 
el. 
am perſwaded that the late appearance was of the ſame kind with Fig. 257. 
MM this which I have now been deſcribing. For let AB repreſent the plane 
of the horizon, C the place of the ſpectator, EF a fund of vapours or ; 
exhalations at a conſiderable height above us, diffuſed: every way into a: 
large and ſpacious plane parallel to the horizon. This fund of mixt mat- 
ter by fermentation will emit ſtreams from it ſelf ſuch as EG, FH, &c. 
which if the wind be perfectly ſtill will aſcend perpendicularty upwards; . 
if it be boiſterous and irregular they will be blended and confounded to- 
gether, but if it be very gentle and uniform as it was at the time of our 
appearance they will be inclined towards the point of the horizon which. 
is oppoſite to that from which the wind blows. Now if ADB repreſents- 
the concave of the heavens, and a line CD, be drawn pararallel to the 
columns EG, FH, &c. it is certain by the rules of perſpective, that theſe 
columns will appear upon that concave to converge all around towards 
the point D: thus the column, EG, will ſeem to ariſe from the point e, 
to aſcend up tog, and to take up the ſpace eg: and in like manner the 
arch fh, will be the projection of the column FH. From hence it is e- 
vident that the reaſon why the triangular ſtreams aſcended at firſt on- 
ly from the northern parts of the heavens was this: the fund of matter, 
EF, was not yet arrived by its motion to the line CD. After it had paſ- 
ſed that line it is plain they muſt appear to aſcend from all quarters. A 
eat number of columns being therefore diſpoſed to emit light at the 
— time cauſed that perfect canopy, which I deſcribed above. The 
reaſon why that canopy deſcended lower in the north, than in the ſouth 
was this: the ſhining columns which had not yet paſſed the line CD were 
more numerous and more remote from it than thoſe which had paſſed it, 
for if the point E, be farther diſtant from C D than the _= F, the arch 
Ae, muſt needs be leſs than the arch Bf. An irregular guſt of wind 


blowing upon and thaking the columns (I ſuppoſe) was the cauſe of that 
trembling which appeared in the triangular itreams, and the cauſe alſo 
which deſtroyed that fine appearance of the canopy. The lender circu- 
lar waves ſeen at the ſame time, might alſo be explained from the fame 
cauſe. I need not detain you any longer, by endeavouring to make out 
ſome other particulars of this unuſual appearance : I fear I have been al- 


ready 


A deſcription 
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ready too tedious. However, I will not omit to mention a very eaſy con- 
trivance by which the thing may be tolerably well repreſented to view. 
Take a hoop, and round about it faſten ſeveral ſtraight ſticks parallel to 
each other but all inclined to the plane of the hoop, hold this plane pa- 
rallel to the horizon, and in that poſture move it with its ſticks over a 
candle, the ſhadow of the fticks upon the ceiling of your room, will 
converge to a point, not directly over the candle (as they would have 
done had the ſticks been perpendicular to the plane of the hoop) but to 
the point in which a line drawn from che candle parallel to the ſticks, 
Hall interſect the plane of the ceiling. 


rr. 
CONCERNING THE ORIGINE AND CAUSE OF COLOURS. | 


o make this popular treatiſe more compleat, Ithave added Sir 1/aac 
Newton's theory of colours, deſcribed in.his own words as near as 
poſſible and proved by his own experiments. 
171. In a very dark chamber at a round hole F, about one third of an 
inch broad, made in the ſhut of a window, I placed a glaſs priſm ABC 
whereby the beam of the ſun's light S F, which came in at that hole, 


image made might be refracted upwards, toward the oppoſite wall of the chamber, 


and there form a coloured image of the fon, repreſented at PT, The 
axis of the priſm, (that is the line paſſing through the middle of the 
priſm, from one end of it to the other end, parallel to the edge of the 
refracting angle) was in this and the following experiments perpendicu- 
lar to the incident rays. About this axis I turned the priſm ſlowly, and 
ſaw the refracted light on the wall, or coloured image of the ſun, firſt 
to deſcend, and then to aſcend. Between the deſcent and aſcent when 
— ſeemed ſtationary, I ſtopped the priſm and fixt it in that 

| re. | "1 | 
7 "When I let the refracted light fall perpendicularly upon a ſheet of 
white paper, MN, placed at the oppoſite wall of the chamber, and ob- 
ſerved the figure and dimenſions of the ſolar image, PT, formed on the 
paper by that light. This image was oblong and not oval, but termina- 
ted by two rectilinear and parallel fides and two ſemicircular ends. On 
its fides it was bounded pretty diſtinaly, but on its ends very confuſedly 
and indiſtinctly, the light there decaying and vaniſhing by degrees. At 
the diſtance of 184 feet from the priſm the breadth of the image was a- 
bout 2 inches, but its length was about 10 inches, and the length of 
its rectilinear fides about 8 inches; and AC B the refracting angle of the 
3 whereby ſo great a length was made, was 64 degrees. With a 
eſs angle the length of the image was leſs, the breadth remaining the 
Jame, It is farther to be obſerved that the rays went on in ſtraight — 
rom 


/ 
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from the priſm. to the image, and therefore at their going out of the 

priſm had all that inclination to one another from which. the length of 

the image proceeded. This image PT was coloured, and the more emi-- 

nent colours lay in this order from the bottom at T to the top at P; red, 

orange, yellow, green, blue, indigo, violet; together with all their in- 

termediate degrees in a continual ſucceſſion perpetually varying. 
172. Our author concludes from this experiment, and many more to Hence the 

be mentioned hereafter, that the light of the ſun conſiſts of a mixture of — 

ſeveral ſorts of coloured rays, ſome of which at equal incidences are frangible. 

more refracted than others, and therefore are called more refrangible- 

The red at T, being neareſt. to the place Y, where the rays of the ſun 

would go directly if the priſm was taken away, is the leaſt refracted of 

all the rays; and the orange, yellow, green, blue, indigo and violet are 

continually more and more refracted, as they are more and more divert- 

ed from the courſe of the direct light. For by mathematical reaſoning 

he has proved, that when the priſm is fixt in the poſture above mention- 

ed, ſo that the place of the image ſhall be the loweſt poſſible, or at the 

limit between its deſcent and aſcent, the figure of the image ought then 

to be round like the ſport at J, if all the rays that tended to it were e- 

qually refracted. Therefore ſeeing by experience it is found that this 

image is not round, but about 5 times longer than broad, it follows that 

all the rays are not equally refracted. And this concluſion is farther con- 

firmed by the following experiments. 

In the ſun beam S F which was propagated into the room through the II. 

hole in the window - ſnut EG, at the diſtance of ſome feet from the hole, — ny 

J held the priſm ABC in ſuch a poſture, that its axis might be * P. 27: 

dicular to that beam: then I looked through the priſm upon ole *ig- 279. 

F, and turning the priſm to and fro about its axis to make the image 

pt, of the hole aſcend and deſcend, when between its two contrary mo- 

tions it ſeemed ſtationary, I ftopped the priſm ; in this ſituation of the 

priſm viewing through it the Gd hole E. I obſerved the length of its 

refracted image pt to be many times greater than its breadth z. and that 

the moſt refracted part thereof appeared violet at p; the leaſt refracted 

red, at ?; and the middle parts indigo, blue, green, yellow and orange 

in order. The ſame thing happened when I removed the priſm out of 

the ſun's light and looked through it upon the hole ſhining by the light 

of the clouds beyond it. And yet if the refractions of all the rays were e- 

qual according to one certain proportion of the fines of incidence and 

refraction, as is vulgarly ſuppoſed, the refracted image ought to have 

appeared round, by the mathematical demonſtration above mentioned. 

So then by theſe two experiments it appears that in equal incidences there 

is a — inequality of refractions. | | 


- 
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For the diſcovery of this fundamental property of light, which has 
opened the whole myſtery of colours, we ſee our author was not only 
beholden to the experiments themſelves, which many others had made be- 
4 fore him, but alſo to his ſkill in geometry; which was abſolutely necef- 
| | Mary to determine what the figure of the refracted image ought to be up- 
on the old principle of an equal refraction of all the rays: but having 
thus made the diſcovery he contrived the following experiment to prove 
it at ſight. 
III. In che middle of two thin boards, DE, de, I made a round hole in 
Macher Sen each, at G and g, a third part of an inch in diameter; and in the window- 
55. ort. ſhut a much larger hole being made, at F, to let into my darkened cham- 
Fig. 280. ber a large beam of the ſun's light, I placed a priſm, ABC, behind the 
| ſhut in that beam, to refract it towards the oppoſite wall; and cloſe. 
| behind this priſm I fixed one of the boards D E, in ſuch manner that the 
middle of the refracted light might paſs through the hole made in it at 
G, and the reſt be intercepted by the board. Then at the diſtance of a- 
bout 12 feet from the firſt board I fixed the other board de, in ſuch man- 
ner that the middle of the refracted light, which came through the hole 
in the firſt board, and fell upon the oppoſite wall, might paſs through 
| the hole g in this other board de, and the reſt being intercepted by 
1 board might paint upon it the coloured ſpectrum of the ſun. And cloſe 
behind this board I fixed another priſm abc to refract the light which 
came through the hole g. Then 1 — ſpeedily to the firſt priſm 
ABC and by turning it ſlowly to and fro about its axis, I cauſed the 
image which fell upon the ſecond board de to move up and down upon 
that board, that all its parts might paſs ſucceſſively through the hole in 
that board, and fall upon the priſm behind it. And in the mean time I 
noted the places, M, N, on the oppoſite wall, to which that light after 
its refraction in the ſecond priſm did paſs; and by the difference of the 
places at Mand N, I found that the light, which being moſt refracted in 
the firſt priſm ABC, did go to the blue end of the image, was again 
more refracted by the ſecond priſm abc, than the light which went to 
the red end of that image. For when the lower part of the light which 
fell upon the ſecond board de, was caſt through the hole g, it went to a 
lower place Mon the wall; and when the higher part of that light was 
caſt through the ſame hole g, it went to a higher place N on the wall; 
and when any intermediate part of the light was caſt through that hole, 
it went to ſome place in the wall between M and N. The unchanged po- 
ſition of the holes in the boards made the incidence of the rays upon the 
ſecond priſm to be the ſame in all caſes. And yet in that common inci- 
dence ſome of the rays were more refracted and others leſs: and thoſe 
Were more refracted in this priſm, which by a greater refraction in = 
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arſt priſm were more turned out of their way; and therefore for their 
conſtancy of being more refracted are deſervedly called more refrangible. 
Our author ſhews alſo, by experiments made with a convex glaſs, 
that lights (reflected from natural bodies) which differ in colour, differ 
alſo.in degrees of refrangibility *: and that they differ in the ſame man- a Newt. Opt. 
ner as the rays of the ſun do. | | "EG: - 
173. The ſun's light conſiſts of rays differing in reflexibility, and thoſe IV. 
rays are more reflexible than others which are more refrangible. A priſm — g 
ABC whoſe two angles at its baſe BC were equal to one another, and fun are diffe- 
half right ones, and the third at A a right one, I placed in a beam FM reflect: 
of the ſun's light, let into a dark chamber through a hole F one third Newt. Ops. 
part of an inch broad. And turning the priſm ſlowly about its axis until p. 45. 
the light which went through one of its angles AC B and was refradted © 26. 
by it to G and H, began to be reflected into the line MN by its baſe 
BC, at which till then it went our of the glaſs; I obſerved that thoſe 
rays as MH which had ſuffered the greateſt refraftionf were ſooner re- 
flected than the reſt. To make it evident that the rays which vaniſhed at 
A were reflected into the beam MN, I made this beam paſs through a- 
nother priſm Y XY, and being retracted by it to fall afterwards upon a 
ſheet of white paper pf placed at ſome diſtance behind it and there by 
that refraction to paint the uſual colours at pf. Then cauſing the fir 
priſm to be turned about its axis according to the order of the letters 
ABC, I obſerved that when thoſe rays MH which in this priſm had ſuf- 
fered the greateſt refraction and appeared blue and violet, began to be 
totally refſected, the blue and violet light on the paper which was moſt 
refracted in the ſecond priſm received a ſenſible increaſe at p, above that 
of the red and yellow at ?: and afterwards when the reſt of the light, 
which was green yellow and red began to be totally reflected and vaniſh- 
ed at G, the light of thoſe colours at? on the paper pt received as great 
an increaſe as the violet and blue had received before. Which puts it paſt 
diſpute that thoſe rays became firſt of all totally reflected at the baſe BC, 
which before at equal incidences with the reſt upon the baſe BC had ſuf- 
fered the greateſt refraction. I do not here take notice of any refractions 
made in the ſides AC, AB of the firſt priſm, becauſe the light enters al- 
moſt icularly at the firſt fide and goes out almoſt perpendicular- 
ly at the ond, wy therefore ſuffers none, or ſo little that the angles of 
incidence at the baſe BC are not ſenſibly altered by ir; eſpecially if the 
angles of the priſm at the baſe BC be each about 40 degrees. For the ® 
rays FM begin to be totally reflected when the angle CM is about 50 
n 8 10 and therefore they will then make a right angle of go degrees b Art. 15. 
wi 5 
It appears alſo from this experiment that the beam of light MN, re- 
flected by the baſe of the priſm, being augmented firſt by the more re- 
8 K frangible 
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frangible rays and afterwards by the leſs refrangible is compoſed of rays. 


_ differently refrangible. | 


Definitions 
Newt, Opt. 
. * 


The light whoſe rays are all alike refrangible I call ſimple homoge- 
neal and ſimilar, and that whoſe rays are ſome more refrangible than o- 
thers I call compound, heterogeneal and diſſimilar. The former light I 


call homogeneal not becauſe I would affirm it fo in all reſpects; but be- 


cauſe the rays which agree in refrangibility agree at leaſt in all their other 


properties which I conſider in the foitowing diſcourſe. 


Newt: Opt. 
- 108. 


The colours of homogeneal . I call primary, homogeneal and 
ſimple, and thoſe of heterogeneal lights, heterogeneal and compound. 
For theſe are always compounded of homogeneal lights, as will appear 
in the following diſcourſe. wy 
The homogeneal light and rays which appear red, er rather make ob- 


jets appear fo, I call rubrifick or red-making ; thoſe which make objects 


appear yellew, green, blue and violet, I call yellow-making, green- 
making, blue-making, violet- making; and ſo the reſt. And if at any 
time I ſpeak of light and rays as coloured or endued with colours, E 
would be underſtood to ſpeak not philoſophically and properly but groſſy, 
and according to ſuch conceptions as vulgar people in ſeeing all theſe ex- 
periments would be apt to frame. For the rays to ſpeak properly are not 
goloured. In them there is nothing elſe than a certain power and diſp 


tion to ſtir up a ſenſation of this or that colour. For as ſound in a bell 


or muſical ſtring or other ſounding body, is nothing but a trembling mo- 
tion, and in the air nothing but that motion propagated from the object, 
and in the ſenſorĩium it is a ſenſe of that motion under the form of ſound; 
ſo colours in the object are nothing but a diſpoſition to reflect this or that 
fort of rays more copiouſly than the reſt; in the rays they are nothing 
but their diſpoſitions. to propagate this or that motion into the ſenſo- 
rium; and in the ſenſorium they are ſenſations of thaſe motions under 
the forms af colours. K | 


kA de long: 174. By the mathematical propoſition above mentioned *, it is cer- 
Image is con, tain that the rays which are equally refrangible do fall upon a circle an- 


poſed of circles 


- of different 
ſorts of rays. 


Opt. p. 31. 
Ris 282 
* Art. 172. ; 


ſwering to the ſun's apparent diſque,. which will alſo. be proved by ex- 
periment by and by. Now let 4G repreſent the circle which all the 
moſt refrangible rays, propagated from the whole diſqueof the fun, would 
illuminate and paint upon the oppoſite wall if they were alone; EL the 
circle which all the leaſt refrangible rays would in like manner illumi- 
nate if they were alone; BH, CI. D the circles which ſo many inter- 
mediate ſorts would paint upon the wall, if they were ſingly propagated 
from the ſun in ſucceflive order, the reſt being intercepted; and con- 
ceive that there are other circles without number, which innumerable 


other intermediate ſorts of rays would ſucceſſively paint upon the wall, 


if. the ſun ſhould ſuoceſſively emit every fort apart. And ſeeing the ſun 
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emits all theſe ſorts at once, they muſt all together illuminate and paint 
innumerable equal circles; of all which, being according to their de- 
grees of refrangibility placed in. order in a continual ſeries, that oblong 
ſpectrum PT is compoſed, which was deſcribed in the firſt experiment. 

175. Now i theſe circles whilft their centers keep their diſtances and How thok 
poſitions could be made leſs in diameter, their interfering one with ano- __ a 
ther and conſequently the mixture of the heterogeneous rays would be ſeparated. 
oportionably diminiſhed. Let the circles AG, BH, CI, &c. remain as Newt. Opt 
fore; and let ag, 5h, ci, &c. be fo many leſs circles lying in a like Fig. a82. 
continual ſeries, between two parallel right lines ae and g/l, with the 
lame diſtances between their centers, and illuminated with the ſame ſorts 
of rays: that is, the circle ag with the ſame fort by which the correſ- 
ponding circle AG was illuminated; and the reſt of the circles bb, cz, 
4k, el reſpectively with the ſame farts of rays by which the correſpond- 
ing circles BH, CI. DK, EL, were illuminated. In the figure PT com- 
poſed of the great circles, three of thoſe circles AG, BH, CT are ſo ex- 
panded into each other, that three forts of rays, by which thoſe circles 
are illuminated, together with [innumerable other ſorts of intermediate 
rays, are mixed at YR in the middle of the circle BH. And the like 
mixture happens throughout almoſt the whole length of the figure PT. 
But in the figure pf, compoſed of the leſs: circles; the three leſs ciroles 
ag, bb, ci, which anſwer to thoſe three greater do not extend into one 
another; nor are there any where mingled ſo much as any two of the 
three forts of rays by which thoſe circles are illuminated, and which in 
the figure PT are all of them intermingled at QR. So then if we would 
diminiſh the mixture of the rays we are to diminiſh the diameters of the 
circles. Now theſe would be diminiſhed if the ſun's diameter, to which 
they anſwer, could be made leſs than it is, or (which comes to the fame 
purpoſe) if without doors, at a great diſtance from the priſm towards 
the ſun, ſome opake body were placed with a round hole in the middle of 
it to intercept all the ſun's light, except ſo much as coming from the 
middle of his body could paſs through that hole to the priſm. For ſo the 
circles AG, BH and the reſt, would not any longer anſwer to the whole 
diſque of the ſun; but only to that part of it which could be ſeen from 
the priſm through that hole; that is to the apparent magnitude of that 
hole viewed from the priſm. But that theſe circles may anſwer more di- 
ſtinctly to that hole, a lens is to be placed by the priſm to caſt the image 
of the hole, (that is every one of the circles AG, BH, &c.) diſtinctly 
upon the paper at PT; after ſuch a manner as by a lens placed at a win- 
dow the pictures of objects abroad are caſt diſtinctly upon a paper with- 
in the room. If this be done it will not be neceſſary to place that hole very 
far off, no not beyond the window. And therefore inſtead of that hole I 
uſed the hole in the window - ſnut = follows. * 

, * 2 | 
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V. In the-fun's light let into my darkned chamber through a ſmall round 
— Ont hole in my window-ſhut, at about ten or twelve feet from the window, 
57 I placed a lens MN, by which the image of the hole E, might be diſtinct- 

18. 283. ly caſt upon a ſheet of white 8 placed at 7. Then immediately after 
the lens L placed a priſm ABC, by which the trajected. light might be re- 
fracted either upwards or ſideways, and: thereby the round image which 
the lens alone did caſt upon the paper at I, might be drawn out into a 

long one with parallel ſides as repreſented at pt. This oblong image I let. 
fall upon another paper at about the ſame diſtance from the priſm as the 
image at J. moving the Paper either towards the priſm or from it, un- 
till J found the juſt diſtance where the rectilinear ſides of the image pt 
became moſt diſtinct. For in this caſe the circular images of the hole, 
which compoſe that image, after the manner that the circles ag, bh, ci, 
&c.. do the figure p, were terminated moſt diſtin&ly, and therefore 
extended into one another the leaſt. that they could, and by conſequence 
the mixture of the heterogeneous rays was now. the leaft of all. The cir- 
cles, ag, bb, ci, &c, which compoſe the a 2 are each equal to 
the circle at IJ, and therefore, by diminiſhing the hole For by removing 
the lens farther. from it, may be diminiſhed: at pleaſure, whilſt their cen- 
ters keep the ſame diſtances from each other. Thus by diminiſhing the 
breadth of the image pt the circles of heterogeneal rays that compoſe 
it, may be ſeparated from each other as much as you pleaſe. Yet inſtead 
of the cireular hole F, it is better to ſubſtitute an oblong hole ſhaped like a 
parallelogram with its length parallel to the length of the priſm. For if 
this hole be an inch or two long and but a tenth or twentieth part of an 
inch broad, or narrower, the light af the image pt will be as ſimple as 
before or ſimpler; and the image being much broader is therefore fitter to 
have experiments tried in its light than before. 

VE 176. Homogeneal light is refracted regularly without any dilatation 
— ſplitting or ſhattering of the rays, and the confuſed viſion of objects ſeen 
8 lightis reftact- . refracting bodies by heterogeneal light, ariſes from the different 
| 3 refrangibility of ſeveral ſorts of rays. This will appear by the experi- 

Newt. Opt. ments which follow. In the middle of a black paper I made a round hole 

p 5% about a fifth or a ſixth part of an inch in diameter. Upon this paper F 

cauſed/the ſpectrum of homageneal light deſcribed in the former article, 

ſo. to fall that ſome part of the light might paſs through the hole in the 
per: This. tranſmitted part of the light I refracted with a priſm placed 
hind the paper, and letting this refracted light fall perpendicularly up- 
on a white paper two or three feet diſtant from the priſm, I found that 
the ſpectrum * on the paper by this light was not oblong, as when 
it is made, in the firſt experiment, by refracting the ſun's compound light, 
hut was (ſo far as I could judge by my eye) perfectly circular, the 
length being no where greater than the breadth; which ſhews that mw 

light 
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Hght is refracted regularly without any dilatation of the rays; and ig an 
ocular demonſtration of the mathematical propoſition mentioned in the 
172d article. | 
In the homogeneal light I placed a paper circle of a quarter of an inch v. 
in diameter; and in the ſun's unrefracted, heterogeneal, white lighe I — 
placed another paper circle of the fame bigneſs; and going from theſe p. 63. 
| rs to the diſtance of ſome feet I viewed both circles through a priſm.. 
The circle illuminated by the ſun's heterogeneal light appeared very ob- 
long as in the ad experiment, the length being many times greater than 
the breadth. But the other circle illuminated with homogeneal light ap- 
peared circular and eder defined, as when it is viewed by the naked” 
f „ ee e propoſigon mentioned at the beginning of 
is article. | 
In the homogeneal light I placed flies and ſuch like minute objects, VII. 
and viewing them through a priſm I ſaw their parts as diſtinctly defined ii 
as if F had viewed them with the naked eye. The ſame objects placed in 
the ſun's unrefracted heterogeneal light which was white, I viewed alſo 
through a priſm; . and ſaw-them moſt confuſedly defined, ſo that I could 
not diſtinguiſh their ſmaller parts from one another. I placed alſo the let- 
ters of a ſmall print one while in the homogeneal light and then in the 
heterogeneal, and viewing them through a priſm they appeared in the. 
latter caſe ſo confuſed and indiſtinct that I could not read them; but im 
the former they appeared ſo diſtinct that I could read readily, and thought 
Iſaw them as diſtin as when I viewed them with my naked eye; in both 
caſes I viewed the ſame objects through the ſame priſm at the ſame diſ- 
tance from me and in the ſame ſituation. There was no difference but in 
the lights by which the objects were illuminated and which in one caſe 
was ſimple in the other compound; and therefore the diſtin& viſion in 
the former caſe and confuſed in the latter could ariſe from nothing elſe - 
than from that difference in the lights. Which proves the whole pro- 
ſition. \ | « 
8 177. In theſe three experiments it is farther very remarkable that the Thecolgjip of | 
colour of homogeneal light was never changed by the refraction: and as 1 | 
theſe colours were not changed by refractions, ſo neither were they by be changed by 
reflexions. For all white, grey, red; yellow, green, blue, violet bodies, N * 
as paper; aſhes, red lead, orpiment, indigo, biſe, goldz ſilver, copper, New. Opt. 
graſs, blue flowers, violets, bubbles of water tinged with various colours, p. 107. 
peacocks feathers; the tincture of lignum nephriticum and ſuch like, in 
red homogeneal light appeared totally red, in blue light totally blue, ur 
green light torally green, and ſo of other colours. In the homogeneal . 
light of any colour they all appeared totally of that ſame colour, with 
this only difference, that ſome of them reflected that light more ſtrongly,” 
| others 


+ 
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others more faintly. I never yet found any body which by reflecting ho- 
mogeneal light could ſenſibly change its colour. 
From all Which it is man ifeſt, that if the ſun's light conſiſted of but 
one ſort of rays, there would be but one colour in the world. Nor would 
it be poſſible to produce any new colour by reflexions and refractions: 
and by conſequence that the variety of colours depends upon the compo- 
ſitionof light. | 
All homog. 178. The ſolar image pt formed by the ſeparated rays in the 5th ex- 
Tight has its periment, did in the progreſs from its end p, on which the moſt refran- 
Infwering to gible rays fell, unto its end 7, on which the leaſt refrangible rays fell, 
its degree of appear tinged with this ſeries of colours; violet, indigo, blue, green, 
Newt Opt. Fellow, orange, red, together with all their intermediate degrees in a 
p. 10. continual ſucceſſion perpetually varying: fo that there appeared as many 
degrees of colours as there were ſorts of rays differing in refrangibility. 
And ſince theſe colours could not be changed by 5 — nor by re- 
flexions, it follows that all homogeneal light has its proper colour an- 
ſwering to its degree of refrangibility. 
The fine eta. 179. Every homogeneal ray conſidered apart is refracted axconing to 
ry homog. ray one and the ſame rule*, ſo that its fine of incidence is to its fine of re- 
is to its fine of fraction in a given ratio: that is, every different coloured ray has a dif- 
—— * ferent ratio belonging to it. This our author has proved by experiment, 
Newt. Opt. and by other experiments has determined by what numbers thoſe given 
1 ratios are expreſſed. For inſtance, if an heterogeneal white ray of the 
2 Art. 13, ſun emerges out of glaſs into air, or which is the ſame thing, if rays of 
All colours be ſuppoſed to ſucceed one another in the ſame line AC, and 
AD their common fine of incidence in glaſs be divided into gq0 equal 
parts, then EF and GH the fines of refraction into air, of the leaſt and 
moſt refrangible rays will be 77 and 78 ſuch parts . And 
ſince every colour has ſeveral degrees, the ſines of refraction of all the 
degrees of red will have all intermediate degrees of magnitude from 77 
to 777, of all the degrees of orange from 775 to 774, of yellow from 
l 77 9751. of green from 77 to 77 +, of blue from 77% to 774, of 
12 indigo from 774 to 772, and of violet from 775 to 78 *. 

The different 180. Colours may be produced by compoſition which ſhall be like to 
eri of the colours of homogeneal light, as to the appearance of colour, but not 
compound as to the immutability of colour and conſtitution of light. And thoſe co- 
colours. lours, by how much they are more compounded, by ſo much are they 
leſs full and intenſe; and by too much compoſition they may be diluted 
and weakened till they ceaſe, and the mixture becomes white or grey. 
There may be alſo colours produced by compoſition, which are not fully 
like any of the colours of homogeneal light. For a mixture of homoge- 
neal red and yellow compounds an orange, like in appearance of colour 
0 that orange which in the ſeries of unmixed priſmatick * lyes 

etw-een 
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between them. But the light of one orange is hoamogeneal- as to refran- | 
gibility, that of the other is heterogeneal ; and the colour of the one, if | 
viewed through a priſm remains unchanged, that of the other is changed 
and reſolved into its component colours red and yellow. And after the 
ſame manner other neighbouring homogeneal colours may compound- 
new colours, like the intermediate homogeneal ones: as yellow and green- 
the colour between them both; and afterwards if blue be added there 
will be made a green, the middle colour of the three which enter the 
compoſition. For the yellow and blue on either hand, if they are equal 
in quantity, draw the intermediate green equally towards themſelves, 
and ſo keep it as it were in æquilibrio, that it verge not more to the yel- | 4 
low on one hand, than to the blue on the other, but by their mixed ac-- | | 
tions remain ſtill a middle colour. To this mixed green there may be 
farther added ſome red and violet, and yet the green will not preſently 
ceaſe but only grow leſs full and vivid; and by increaſing the redand vio- a | 
let, it will grow more and more dilute, untill by the prevalence of the | 
added colours it be overcome and turned into whiteneſs or ſome other | 
colour. So if to the colour of any homogeneal light, the ſun's white 
light compoſed of all forts of rays be added, that colour will not vaniſh- 
or change its ſpecies, but be diluted, and by adding more and more white 
it will be diluted more and more perpetually. Laſtly if red and violet be 
mingled there will be generated according to their various proportions - 8 
various purples: ſuch as are not like in appearance to the colour of any 
homogeneal light; and of theſe purples mixed with yellow and blue may 
be made other new colours. 

181. Whiteneſs and all grey colours between white and black, may be IX. 
compounded of colours; and the whiteneſs of the ſun's light is com- Experiment. 
pounded of all the primary colours mixed in a due proportion. may be com- 

For let the ſolar image PT fall upon a lens MN above four incheg'pounded of 

broad and about fix feet diſtant from the priſm ABC, and ſo figured chat Newt. Opt. 
it may cauſe the coloured light which divergeth from the priſm to con- p.117. 
verge and meet again at its focus G about 6 or 8. feet diſtant. from the F 255+ 
lens, and there to fall perpendicular upon a white paper DE. And if 
you move this paper to and fro, you vill perceive that near the lens, as 
at de, the whole ſolar image, ſuppoſe at p4, will appear upon it intenſe- 
ly coloured after the manner above explained: and that by receding from 
the lens thoſe colours will n me towards one another, and 

y mixing more and mare dilute one another continually, untill at length 

e paper comes to the focus G, where by a perfect mixture they will 
wholly vaniſh and be converted into whiteneſs, the whole light appear- 
ing now upon the paper like a little white circle. And afterwards by re- 
— from the lens, the rays which before converged will now 
croſs one another in the focus G, and diverge from thence and GAP 
m 
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make the colours to appear again, but yet in a contrary order, ſuppoſe at 
de, where the red: — — which, before was below, and the vie- 
let þ.is below which before was above. - 

Let us now. ſtop the paper at the focus G where the light appears to- 
rally white and circular, and let us conſider its whiteneſs. I ſay that this 
is compoſed of all the converging colours. For if any of thoſe colours be 

intercepted. at the lens, the whiteneſs will ceaſe, and degenerate into 
that colour which ariſeth from the compoſition of the other colours 
which are not intercepted. And then if the intercepted colours be let paſs 
and fall upon that compound colour, they mix with it and by their mix- 
ture reſtore the whiteneſs. So if the violet, blue and green be intercept- 
.ed, the remaining yellow, orange and red will compound _— the pa- 
per an orange, and then if the intercepted colours be let paſs, they will 
fall upon this compound orange and together with it decompound a 
white. So alſo if the red and violet be intercepted the remaining yellow, 
green and blue will compound a green upon the paper, and the red and 
violet being let paſs will fall upon this green, and together with it will de- 
compound a white. And that in this compoſition of white, the ſeveral 
rays do not ſuffer any change in their colorifick qualities by acting upon 
.one another, but are only mixed, and by a mixture of their colours pro- 
.duce white, may farther appear by theſe arguments. , 

If the paper be placed beyond the focus &, ſuppoſe at Je, and then the 
red colour at the lens be alternately intercepted and let pats again, the vio- 
let colour on the paper will not ſuffer any change thereby, as it ought to 
do if the ſeveral ſorts of rays acted upon one another in the focus G, where 

they croſs. Neither will the red upon the paper be changed by any alter- 
nate 1 7 and letting paſs the violet which croſſes it. | 

And if the paper be placed at the focus G and the white round image 
at G be viewed through the priſm HTK, and by the refraction of that 
. priſm be tranſlated to the place r and there appear tinged with various 
colours; namely the violet at v and red at r, and others between; and 
then the red colour at the lens be often ſtopped and let paſs by turns, the 
red at 7 will accordingly diſappear and return as often; but the violet 
at v will not thereby ſuffer any change. And ſo by ſtopping and letti 
paſs alternately the blue at the lens, the blue at v will accordingly diſ- 
appear and return without any change made in the red at 7, The red 

erefore depends on one ſort of rays and the blue on another ſort, which 
in the focus G where they were commixed do not act on one another. 
And there is the ſame reaſon of the other colours. 

I conſidered farther that when the moſt refrangible rays Pp and the 
leaft refrangible T? are by converging inclined to one another, the Paper 
af held very oblique to thoſe rays in the focus G, might reflect one ſort, of 

chem more copiouſly than the other ſort, and by that means che * 
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ed light would be tinged in that focus with the colour of the predomi- 
nant rays, provided thoſe rays ſeverally retained their colours or colorific 


qualities in the compoſition of white. But if they did not retain them 
in that white, but became all of them ſeverally endued there with a diſ- 
poſition to ſtrike the ſenſe with the perception of white, then they could 
never loſe their whiteneſs by ſuch reflections. I inclined therefore the 
paper to the rays very obliquely, as repreſented in the poſture 2, 2+, 
that the moſt refrangible rays Pp, falling more dire&ly and conſequent- 
ly more denſely upon it than the reſt, might be more . reflected 
than the reſt, and the whiteneſs at lens th changed ſucceſſively into blue, 
indigo and violet. Then I inclined it the contrary way as repreſented in 
the poſture 2 D, 2 E, that the leaſt refrangible rays Tt might fall more 
directly upon it, and conſequently be more copious in the reflected light 
than the reſt, and the whiteneſs turned ſucceſſively to yellow, orange 
and red. 

Laſtly I made an inſtrument XY in faſhion of a comb whoſe teeth be- 
mg in number 16 were about an inch and a half broad, and the intervals 
of the teeth about 2 inches wide. Then by interpoſing ſucceſſively the 
teeth of this inſtrument near the lens, I intercepted part of the co- 
tours by the interpoſed tooth, whilſt the reſt of them went on through 
the interval of the teeth to the paper DE, and there painted a round ſo- 
lar image. But the paper I had placed fo that the image might appear 
white as often as the comb was taken away ; and then the comb being 
interpoſed as was ſaid, that whiteneſs, by reafon of the intercepted part 


of the colours at the lens, did always change into the colour compound- 


ed of thoſe colours which were not intercepted; and that colour was by 
the motion of the comb perpetually varied ſo, that in the paſſing of e- 
very tooth over the lens all theſe colours red, yellow, blue, green, pur- 
ple did always ſucceed one another. I cauſed therefore all the teeth ra 
paſs ſucceſſively over the lens, and when the motion was flow, there ap- 
peared a perpetual ſucceſſion of the colours upon the paper, but if I fo 
accelerared the motion that the colours by reaſon of their quickneſs, 
could not be diſtinguiſhed from one another, the appearance of the ſin- 
gle colours ceaſed. There was no red, no yellow, no green, no blue, nor 
purple to be ſeen any longer, but from a confuſion of them all there 
aroſe one uniform white colour. Of the light which now by the mixture 
of all the colours appeared white, there was no part really white. One 
part was red another yellow, a third green, a fourth blue, a fifth pur- 
17 and every part retains its proper colour till it ſtrikes the ſenſorium. 

f the impreſſions follow one another ſlowly, ſo that they may be ſeve- 
rally perceived, there is made a diſtinct ſenſation of all the colours one 
after another in a continual ſucceſſion. But if the impreſſions follow one 
another ſo quick that they cannot be ſeverally perceived, there ariſeth 
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x out of them all one common ſenſation, which is neither of this colour 
| alone, nor of that alone, but hath it ſelf indifferently to them all, and 
| this is a ſenſation of whiteneſs. By the quickneſs of the ſuceeſſions the 
| impreſſions of the ſeveral colours are confounded in the ſenſorium, and 
out of that.confuſkon ariſeth a mixt ſenſation. If a burning coal be nim-. 
| bly moved round in a circle with gyrations continually page the 
| whole circle will appear like fire. The reaſon of which is, the ſen· 
ſation of the coal in the ſeveral places of that circle remains impreſſed on 
| the ſenſorium till the coal returns again to the ſame place. And ſo in a 
; quick conſecution of colours the impreſſion of every colour remains in 
| the ſenſorium, until a revolution of all the colours be comp!eated and 
that firſt colour returns again. The impreſſions therefore of all the co- 
| lours are at once in the ſenſorium and jointly ſtir up a ſenſation of them 
| all: and fo it is manifeſt from this experiment that the commixed im- 
| preſſions of all the colours do ſtir up and beget a ſenſation of white, that 
| is, that whiteneſs is compounded of all the colours. 
| X. _- Hitherto I have produced whiteneſs by mixing the priſmatick colours. 
| | 3.2097" I If now the colours of natural bodies are to be mingled, let a little water 
| b. 129. thickened with ſoap be agitated to raiſe a froth, and after that froth has 
ſtood a little, there will appear to one that, thall view it intently various 
1 | colours every where in the ſurface of the ſeveral bubbles, but to one that 
| ſhall go ſo far off that he cannot diſtinguiſh the colours from one ano- 
ther, the whole froth will grow white with a perfect. whiteneſs. | 
XI. _ Laſtly in attempting to compound a white by mixing the coloured 
i. powders which painters uſe, I conſidered that all coloured powders do 
ſuppreſs and ſtop in them a very conſiderable part of the light by which 
they are illuminated. For they become coloured by reflecting the light 
of their own colour more copiouſly, and that of all other colours more 
ſparingly; and yet they do not reflect the light of their own colours ſo 
copiouſly as white bodies do. If red lead, for inſtance, and a white pa- 
per be placed in the red light of the coloured ſpectrum made in the dark 
chamber by the refraction of a priſm, as is deſcribed in the 5th experi- 
ment, the paper will appear more lucid than the red lead, and therefore 
reflects the red-making rays more copiouſly than red lead doth. And if 
they be held in the light of any other colour, the light reflected by the 
paper will exceed the light reflected by the red lead in a much greater 
proportion. And the like happens in, powders of other colours. And 
therefore by mixing ſuch powders we are not to expect a ſtrong and full 
white, ſuch as is that of paper, but ſome duſky obſcure one, ſuch as 
might ariſe from a mixture of light and darkneſs, or from white and 
black, that is a grey or dun, or ruſſet brown, ſuch as are the colours of 
à man's nails, of a mouſe, of aſhes, of ordinary ſtones, of mortar, of 
duſt and dirt in the high-ways, and the like; and ſuch a white I have of- 


den 
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ten produced by mixing coloured powders. For thus one part of red lead, 
and five parts of viride æris compoſed a dun colour like es a mouſe. 
For theſe two colours were ſeverally ſo compounded of others, that in 
both together were a mixture of all colours; and there was leſs red lead 
than viride æris becauſe of the fulneſs of its colour. Again, one part of 
red lead and —.—— blue biſe, compoſed a dun colour verging a lit- 
tle to purple, and by adding to this a certain mixture of orpiment and 
viride æris in due proportion, the mixture loſt its purple tinAure and 
became perfectly dun. But the experiment ſucceeded better without mi- 
nium, thus. To orpiment I added by little and little a certain full bright 
purple, which painters uſe, until the orpiment ceaſed to be yellow, and 
ot e a pale red. Then I diluted that red by adding a little viride 2r:s 
and a little more blue biſe than viride æris, until it became of ſuch a 
grey or pale white as verged to no one of the colours more than another: 
for thus it became of a colour equal in whiteneſs to that of aſhes or of 
wood newly cut or of a man's ſkin. The orpiment reflected more light 
than did any other of the powders, and therefore conduced more to the 
whiteneſs of the compound colour than they. To aſſign the proportions 
accurately may be difficult by reafon of the different goodneſs of pow- 
ders of the ſame kind. According as the colour of any powder is more 
or leſs full or luminous, it cope to be uſed. in a leſs or greater pro- 
portion. 
"Now conſidering that theſe grey and dun colours may be alſo produced 
by mixing whites and blacks, and by conſequence differ from perfect 
whites, not in ſpecies of colours but only in degrees of luminouſneſs, it 
is manifeſt there is nothing more requiſite to make them perfect whites 
than to increaſe their light ſufficiently: and on the contrary if by in- 
creaſing their light they can be brought to perfect whiteneſs, it will 
thence alſo follow that they are of the fame ſpecies of colour with the 
beſt whites, and differ from them only in quantity of light, and this I 

ed as follows. I took the third of the above mentioned grey mixtures 
{that which was compounded of orpiment, purple, biſe and viride æris 
and rubbed it thickly upon the floor of my chamber, where the ſun ſhone 
upon it through the open caſement; and by it, in the ſhadow, I placed 
a piece of white paper of the ſame bigneſs. Then going from them to the 
diſtance of 12 or 18 feet, fo that I could not diſcern the unevenneſs of the 
ſurface of the powder; nor the little ſhadows let fall from the gritry par- 
ticles thereof; the powder appeared intenſely white ſo as to tranſcend 
even the paper ir ſelf in whiteneſs, eſpecially if the paper were a little 
ſhaded" from the light of the clouds; and then the paper compared with 
the powder appeared of ſuch a grey colour as the powder had done be- 


fore. Bur by laying the paper where the ſun ſhines through the glaſs 
window, or by ſhutting the caſement, that the ſun might ſhine * 
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glaſs upon the powder, and by uſing ſuch other fit means of increaſing 
or decreaſing the lights wherewith the powder and paper were illumi-. 
vated, the light wherewith the powder 1s illuminated may be made 


ſtronger, in ſuch a due 2 than the light where with the * is 


The perma- 


uluminated, that they both appear exactly alike in whiteneſs, Now 
if you conſider that this white of the powder in the ſun-ſhine was com- 
pounded of che colours which the component powders have in the ſun- 
ſhine, you muſt acknowledge by this experiment as well as by the for- 
mer that perfect whiteneſs may be compounded of colours. 

182. The colours of natural bodies ariſe from hence, that ſome of, 


nent cloud them reflect ſome ſorts of rays, others other ſorts more copiouſly than 


of natural bo- 


dicsexplained. the reſt, Minium reflects che leaſt refrangible or red- making rays maſt 


XII. 
Experiment, 
Newt. Opt. 
P. 187. 


both appear blue; but the ultra- marine will appear of a 


copiouſly and thence appears red. Violets reflect the moſt refrangible 
moſt copiouſly, and thence have their colour: and ſo of other bodies. 
Every body reflects the rays of its own colour more copiouſly than the 
pan and from their exceſs and predominance in the reflected light has its 
COIOUL.. bb | REP 
For if in the homogeneal lights obtained by the gth experiment, you. 
lace bodies of ſeveral colours, you will find as I have done, that every 
y looks more ſplendid and luminous in the light of its own colour. 
Cinnaber in the homogeneal red is moſt reſplendent, in the green light it. 
is manifeſtly leſs reſplendent, in the blue light ſtill leſs. Indigo in the 
violet blue light is moſt reſplendent, and. its ſplendor is gradually dimi- 
niſhedas it is removed thence by degrees through the green and yellow: 
light to the red. By a leek the green light, and next that the blue and 
yellow which compound green, are more ſtrongly reflected than the other. 
colours red and violet, and ſo of the reſt. But to make theſe experiments. 
the more manifeſt, ſuch bodies ought to be choſen as have the fulleſt. 
and moſt vivid colours, and two of thoſe bodies are to be compared to- 
gether. Thus for inſtance, if cinnaber and ultra-marine blue, or ſome 
other full blue be held together in the red homogeneal light, they will 
both appear red ; but the cinnaber will appear of ſtrongly luminous and 
reſplendent red, and the ultra- marine blue of a faint obſcure and dark rede 
And if they be held together in the blue homogeneal 12 they will 
ongly lumi- 
nous and reſplent blue, and the cinnaber of a faint and dark blue. Which 
puts it out of diſpute that the cinnaber reflects the red light much mare 
copiouſly than the ultra- marine doth, and the ultra- marine reflects the 
blue light much more copiouſly than the cinnaber doth. The ſame expe- 
riment may be tried ſucceſſively with red and indigo or with any other 
two coloured bodies, if due allowance be made for the different th 
er weakneſs of their colour and light. 


_ 
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And that this is not only a true reaſon of their colours, but even the on- 
ly reaſon, may appear farther from this conſideration; that the colour 
of homogeneal light cannot be changed by the reflection of natural bo- 
dies. For if bodies by reflection cannot in the leaſt change the colour of 
any one ſort of rays, they cannot-appear coloured by any other means, 
than by reflecting thoſe which either are of their own colour, or by mix- 
ture muſt —— it. | | | 
In tranſparent coloured liquors it is obſervable that their colour uſes 
to vary with their thickneſs. Thus fag inſtance, a red liquor in a conicaF 
: — held between the light and the eye, looks of a pale and dilute yel- 
ow at the bottom where it is thin; and a little higher, where it is thicker 
grows orange; and where it is ſtill thicker becomes red; and where it is 
thickeſt the red is _ and darkeſt. For it is to be conceived that ſuch 
a liquor ſtops the 1 
the blue-making rays more difficultly, the green-making rays ſtill more 
difficultly, and the red-making moſt difficultly : and that if the thick- 
neſs of the liquor be only ſuch as ſuffices to ſtop a competent number of 
the violet-making and indigo-making rays, without diminiſhing much 
the number of the reſt, the reſt muſt compound a pale yellow; the co- 
lour in the ſolar image that lyes in the middle of them, as may be tryed: 
by ſtopping the violet and indigo at the lens in the gth experiment, and 
letting the reſt paſs on to be mixed together at the focus. But if the li- 
quor be of ſuch a thickneſs as to ſtop alſo a 2 number of the blue 
making rays and ſome of the green- making, the reſt muſt: compound an 
orange. And where it is ſo thick as to ſtop alſo a great number of the 
green-· making and a conſiderable number of the yellow- making, the reſt 
muſt begin to compound a red; and this red muſt grow deeper and dark- 
er as the yellow- making and orange-making rays. are more and more 


ſtopped by increaſing the thickneſs of the liquor, ſo that few rays beſides. 


the red-making can get through. 
If there be two liquors of full colours ſuppoſe a red and a blue, and 

both of them ſo thick, as ſuffices to make their colours ſufficiently full; 
chough either liquor be ſufficiently tranſparent apart, yet will you not 
be able to ſee through both together. For if only the red-making rays. 
paſs through one liquor, and only the blue-making through the other, 
no rays can through both. This Mr. Hoo tried caſually with glaſs 
wedges filled with red and blue liquors, and was ſurprized at the unex- 
pected event, the reaſon of it being then unknown 

Now whilſt bodies become coloured by reflecting or tranſmitting this 
or that ſort of. rays more copiouſly than the reſt, it is to be conceived 
that they ſtop and ſtifle in themſelves the rays which they do not reflect 
or tranſmit, For if gold be foliated and held between your eye and the 

1. Hook's Micrography p. 73. | ee ue 
ie | light, 


* 


igo-making, and violet making rays moſt eaſily, 
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light, the light looks of a greeniſh blue; and therefore maſſy gold lets 
. body the blue- making rays to be reflected to and fro within it till 
they be ſtopped and ſtifled; whilſt it reflects the yellow- making outwards. 
and. thereby looks yellow. And much after the ſame manner that leaf 

old is yellow by reflected and blue by tranſmitted light, there are ſome 
== of liquors, as the tincture of gnum nepbriticum, and ſome ſorts of 
glaſs, which tranſmit one ſort of light moſt copiouſly and reflect another 
ſort, and thereby look-of ſeveral colours according to the poſition of the 
eye to the light. A tranſparent. which looks of any colour by tranſ- 
mitted. light, may alſo look of the ſame colour by reflected light, the 
light of chat colour being reflected by the farther ſurface of the body *. 


C., HA . VII. 


.CONCERNING THE CAUSE OF REFRACTION, REFLECTION, 
INFLECTION AND EMISSION, OF LIGHT. 


183. HAT the cauſe of reflection is not the impinging of light on 

| the ſolid or impervious parts of bodies, as is commonly be- 
lieved, will appear by the following conſiderations. Firſt that in the paſ- 
ſage of light out of glaſs into air there is a reflection as ſtrong as in its paſ- 
ſage out of air into glaſs, or rather a little ſtronger, and by many degrees 
ſtronger than in its paſſage out of glaſs into water. And it ſeems not pro- 
bable that air ſhould have more reflecting parts than water or glaſs. But 
if that ſhould poſſibly be ſuppoſed, yet it will avail nothing; for the re- 
flection is as ſtrong or ſtronger when the air is drawn away from the glaſs, 
by an air- pump, as when it is adjacent to it. Secondly, if light in its 
paſſage out of glaſs into air be incident more obliquely than an angle of 
40 ar 41 degrees, it is wholly: reflected, if leſs obliquely it is in a great 
meaſure tranſmitted b. Now it is not to be imagined that light at one 
degree of obliquity ſhould meet with pores enough in the air do tranſmit 
the greateſt part of it, and at another degree of obliquity ſhould meet 
with nothing but parts to reflect it wholly : eſpeciallpconddering that in 
* 2 — of air into glaſs, how oblique ſoever be its incidence, it 

pores enough in the glaſs to tranſmit a great part of it. I any man 
ſuppaſes that it is not reflected by the air, but by the outmoſt ſuperfi- 
cial parts of the glaſs, there is ſtill the ſame difficulty: beſides that ſuch 
a ſuppoſition is unintelligible and will appear to be falſe by applying wa- 
ter behind ſome part of the glaſs inſtead of air. For ſo in a convenient 
obliquity of the rays ſuppoſe of 45 or 46 degrees, at which they are all 
reflected where air is adjacent to the glaſs, they ſhall be in a great mea- 
fore tranſmitted where water is adjacent to it. Which argues that their 


reflection or tranſmiſſion depends on the conſtitution of air and water be- 
hind the glaſs and not on the ſtriking of the rays on . 
9 F, 


en Ar. 7. REFRACTION AND'REPFLECTION, By 
Thirdly, if che colours made by a priſm, placed at the entrance of a 
beam of light into a darkned room, be ſucceſſively caſt on a ſecond priſin 

laced at a great diſtance from the former, in ſuch manner that they are 
all alike incident upon it, (as they will be when tranſmitted through the 


holes in the two boards made uſe of in the 3d experiment, ) the ſecond Fig. 280. 


riſm may be ſo inclined to the incident rays, that thoſe which are of a 
blue colour ſhall be all reſſected by it, and yet thoſe of a red pretty m— 
ouſly tranſmitted. Now if reflection be cauſed by the parts of air or glaſs 
E would aſk why at the ſame obliquity of incidence, the blue ſhould 
wholly impinge on thoſe parts, ſo as to be all reflected and yet the red 
find pores enough to be in a great meaſure tranſmitted. Laſtly were the 
rays of light refſected by impinging on the ſolid parts of bodies, their re- 
flections from poliſhed bodies could not be ſo regular as they are. For 
in poliſhing glaſs with ſand, putty or tripoli, it cannot be imagined that 
thoſe ſubſtances can by grating and fretting the glaſs bring all its leaſt 
particles to an accurate poliſh; fo that all their ſurfaces ſhall be truly 
plane or truly ſpherical, and look all the fame way, ſo as together to 
compole one even ſurface. This manner of poliſhing with ders can 
do no more than bring the roughneſs of the glaſs to a very tine grain, ſo 
that the ſcratches and frettings of the ſurface become too ſmall ro be vi- 
ſible. And therefore if light were reflected by impinging upon the ſolid 
parts of the glaſs, it would be ſcattered as much by the moſt poliſhed 
glaſs as by the rougheſt. So then it remains a problem how glaſs poliſhed 
by fretting ſubſtances can reflect light ſo ave yen it does. 
184. And this problem is ſcarce otherwiſe to be ſolved than by ſaying 
chat the reflection of a ray is effected not by a ſingle point of the reflecti 
— but by ſome of the body which is evenly diffuſed all over 


For chat the parts of bodies do act upon light at a diſtance, will appear by 
the following experiments. | 


18. The ſun ſhining into my chamber through a hole a erer“ 


an inch broad, I placed at the diſtance of two or three feet from the hole 


But by an ac- 
ns — 
over its 


its ſurface and by which it acts upon a ray without immediate contact. ſurface. 


XIII. f 


Experiment. 


a ſheer of paſtboard, which was blacked all Over on both ſides, and in This power 
che middle of ĩt had a hole about three quarters of an inch ſquare for the acts upon light 


light to paſs N And behind the hole I faſtened to the paſfboare 


at a diſtance 


by attracting 


with pitch the bla e of a ſharp knife, to intercept ſome part of the light and — 


which paſſed through the hole. The planes of the paſtboard and of the 
knife were parallel to one another and dicular to the rays. And 
when they were ſo placed that none of the Ans light fell upon the paſt- 
board, but all — — through the hole to the knife, and there part of 
it fell upon the blade of the knife, and part of it paſſed by its edge; I let 
this part of the light, which paſſed by, fall on a white paper two or three 
feet beyond the knife, and there ſaw two ſtreams of faint light ſhoot 49% 


XIV. 
'Experiment. 


about fax or eig 
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both ways from che beam ot light into the ſhadow, like the tails of co- 
mets. But becauſe the ſun's direct light by its brightneſs upon the paper 
obſcured theſe faint ſtreams ſo that I could ſcarce ſee them, I made a lit- 
tle hole in the midſt of the paper for that light to paſs through, and fall 


| * a black cloth behind it, and then I ſaw the two ſtreams plainly, 


They were like one another and pretty nearly equal in length and breadth, 
and quantity of light. Their light at that end next the ſun's direct light 
was pretty ſtrong for the ſpace of about a quarter of an inch or half an 
inch, and in all its progreſs from that direct light decreaſed gradually till 
it became inſenſible. The whole length of either of theſe ſtreams mea - 
ſured upon the paper, at the diſtance of three feet from the knife, was 
t inches; ſo that it ſubtended an angle at the edge of the 

knife of 10 or 12, or at moſt 14 degrees. | 
I placed another knife by this, ſo that their edges might be parallel 
and look towards one another, and that the beam of light might fall up- 
on both knives and ſome part of it paſs between their edges. And when 
the diſtance of their edges was about the 400th part of an inch, the ſtream 
parted in the middle and left a ſhadow between the two parts. This ſha- 
dow was ſo black and dark that all the light which paſſed between the 
two knives ſeemed to be bent and to be turned aſide to the vne hand and 
tothe other. And as the knives ſtill approached one another the ſhadow 
grew broader, and the ſtreams ſhorter at their inward ends next the 
ſhadow, until upon the contact of the knives the whole light vaniſh- 
ed and left its place to the ſhadow, And hence I gather that the light 
which is leaſt bent, and goes to the inward ends of the ſtreams, paſſes by 
the edges of the knives at the greateſt diſtance, and this diſtance when the 
ſhadow begins to appear between the ſtreams is about the 8 ooth part of 
an inch. And the light which paſſes by the edges of the knives at diſtan- 
ces ſtill leſs and leſs is more and more bent, and goes to thoſe parts of the 
ſtreams which are farther and farther from the direct light. Becauſe when 
the knives approach one another till they touch, thoſe parts of the ſtreams 
vaniſh laſt which are fartheſt from the direct light. brenda 
Our author has made it appear from theſe and ſome other experiments, 
that bodies act upon light in ſome circumſtances by an attractive and in 
others by a repulſive power. For he found that the ſhadows of hairs, 
— and ſuch like ſlender ſubſtances, placed in a ſlender 


threds, Aus 
beam of light let into a dark room, were conſiderably broader than they 


P- 293. 


ought to be, if the rays of light paſſed on by theſe bodies in right lines. 
Particularly he found that the ſhadow of a hair of a man's head, at the dif- 


Net. Opt. tance of 10 feet from the hair, was 35 times broader than the hair it ſelf . 


And of theſe attractive and repulſive powers he declares his ſentiments 


Þ.Ibid. p. 370. more fully in theſe words. Since metals diſſolved in acids attract but a 


ſmall quantity of the acid, their attractive force can reach but to a ſmall 
diſtance 


_ 
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diſtance from them. And as in algebra where affirmative quantities va- 
niſh and ceaſe there negative ones begin, ſo in mechanicks where attrac- 
tion ceaſes t here a repulſive virtue ought to ſucceed. And that there is 

ſuch a virtue ſeems to follow from the reflections and inflections of the 

rays of light. For the rays are repelled by bodies in both theſe caſes with- 
out the immediate contact of the reflecting or inflecting body. It ap- 
pears alſo from the emiſſion of light: the ray ſo ſoon as it is ſhaken off 
from a ſhining body, by the vibrating motion of the parts of the body, 
and gets beyond the reach of attraction, being driven away with exceed- 
ing great velocity. For that force which is ſufficient to turn it back in 
reflection, may be ſufficient to emit it. It ſeems alſo to follow from the 
production of air and vapours. The particles when they are ſhaken off 
from bodies by heat or fermentation, ſo ſoon as they are beyond the 
reach of the attraction of the body, receding from it and alſo from one 
another with great ſtrength, and keeping at a diſtance ſo as ſometimes to 
take up a million of times more ſpace than they did before in the form 
of a denſe body. Which vaſt contraction and expanſion ſeems unintelli- 
gible by feigning the particles of air to be ſpringy and ramous or rolled 
up like hoops or by any other means than by a repulſive power. From 


a Experiment 
13. 14. 


is power it ſeems to be that flies walk upon water without wetting - 


their feet, and that the objet-glaſſes of long teleſcopes lye x 515 one 
another without touching; and that two poliſhed marbles which by 
immediate contact ſtick together, are difficultly brought ſo cloſe together 
as to ſtick. | l 
186. That this power which acts upon light is infinitely ſtronger than 


Newton has demonſtrated thas all bodies attract one Mpther by the fo 
of gravity, and that the attractive forces of two h 
on particles of matter placed very near their ſurtaceMWare to each other 
in proportion as the diameters of the ſpheres *, Thar is to ſay, if a re- 
fracting medium be ſpherical and of the ſame denſity as the earth, the 
earths force of attraction near its ſurface, will exceed the mediums force 
near its ſurface, as much as the diameter of the earth exceeds the diame- 
ter of the medium; or almoſt infinitely with reſpect to human 27 7 
tions. Vet we obſerve that a cannon- ball, juſt ſhort from the mouth of the 
cannon, is ſcarce ſenſibly deflected towards the earth by its attraction; and 
the leaſt particle of the ball, if it was ſeparate from the reſt, would be 
no more deflected than the whole; becauſe gravity makes bodies of all 
ſorts and ſizes deſcend with the ſame ſwiftneſs, by affecting them alike 
whether joined or ſeparated. Therefore a particle of light which moves, 
I may fay, infinitely quicker than a cannon-ball , would be infinitely 


1 Princip. lib. 1. prop. 74. cor. 2 & lib. 3. prop. 8. 
2 See velocity of light in the Index of this — 3 
8 M leſs 
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leſs bent than the particle of the ball by the attraction of the whole earth, 
and ftill infinitely leſs, than this laſt bending, by the attraction of the 
ſpherical medium, which was ſhewn to be infinitely weaker than rhag: 
of the earth. Bur in fact we find it is very ſenſibly bent or refraged ; and 
therefore it muſt be affected by ſome other power of the medium, which 
near its ſurface is infinitely ſtronger than the power of gravity. 

187. It is difficult to determine the exact law of this refractive power, 
or the degrees of its force at given diſtances from the refracting ſurface. 
However, ſince we find that the effects of gravity, which decreaſe as the 
ſquares of the diftances from the center increaſe, are very ſenſible at great 
_ diſtances, we may conclude that the refractive power of a medium, 
which at its ſurface we find is infinitely ſtronger than gravity, and yet 
vaniſhes at a very ſmall diſtance from it*, decreaſes much quicker or in 
a greater 8 than gravity does. * e 

188. It is reaſonable to conclude that bodies reflect and refract light 
by one and the ſame power varioufly exerciſed in various cireumſtances;- 
becauſe when light goes out of glaſs into air as obliquely as it can poſſibly 
do, if its incidence be made ſtill more oblique, it becomes totally reflect - 
edd: (for the power of the glaſs after it has reflected the light as oblique - 
ly as is poſſible, if the-igcidenee be ſtill made more oblique hecames too 
ſtrong to let any of its rays ge through and by conſequenee cauſes total 
reflections:) And for this other reaſon, that thoſe ſurfaces of tranſparent 
bodies which have the greateſt refracting power, reflect the greateſt quan- 
tity of light, as will be ſhewn in the next chapter. a 

189, From the different ratios of the fines of incidence and refraction 
in a great many different bodies, our author has alſo collected that the 
forces of bodies to reflect and refract light᷑ are very nearly proportionable 
to their denſities, excepting that unctuous and ſulphuregus bodies refract 
more than others of the ſame denſity. Whence, he ſays, it ſeems ratio- 
nal to attribute the refractive power of all bodies chiefly, if not wholly 
to the ſulphurous, oily particles with which they abound. For it is pro- 
bable that all bodies abound more or leſs with ſulphurs. And as light con- 
gregated by a buraing glaſs acts moſt upon ſulphureous bodies to turn 
them into fire and flame, ſo ſince 2 is mutual, ſulphurs ought to 
act moſt upon light. For that the action between light and bodies is mu- 
tual, may appear from this conſideration; that the denſeſt bodies which 
refract and reflect light moſt ſtrongly grow hotteſt in the ſummer ſun, 
by the action of the refracted or reflected light. If bodies be conceived to 
have certain denſities exactly proportionable to their refractive powers, 


n theſe may be called their refractive denſities. 


acts in lines 


190. The direction of the refractive ferce of a medium, acting er. 


icular particles of light, is every where perpendicular to the refracting ſurface. 


. For whether this force be a real attraction, or whether it be an impulſe 
| . ; upon 
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upon light, cauſed by the {pring or elaſtick power of a ſubtil fluid 
which pervades the medium, an being gradually denſer without than 
within it, may impel the light towards the medium by its greater elaſti- 2 
city without than within? ; be this as you pleaſe, yet if the medium be * e 
uniform in all its parts, its immediate power upon the light it ſelt, rr 
upon the ſubtil fluid which acts upon it, will be equally ſtrong in every 
point of a plane drawn parallel to the refracting ſurface; though its 
ſtrength may be different in the next parallel plane, and till different in 
the next, and ſoon as far as that power is extended on each fide of the ſur- | 
face of the medium. The extent of this power will therefore be termi- Space of adti- 
nated by two planes, parallel to one another and to the refracting ſurface; "7 
and the ſpace between them may be called the ſpace of activity, whether 
the power attracts or repels. This being premiſed, Ifay the Gees of the 
medium will act upon light, either in attracting or repelling it, in lines 
perpendicular to its ſurface. For let p be a particle of light acted upon by F 256. 287 · 
any uniform power in the line de parallel to the refracting ſurface AB, 
po a line dicular to thoſe parallels, cutting de in c; it is evident 
that the force of the power at c ill move the particle ↄ in the line pc; 
and taking any two points d, e at equal diſtances on each ſide of c, the 
powers at d and e being equal and acting at _ diſtances, pd, dun. 
nf inclined to pc, cannot move p in any direction but that of pc; af 
what has been ſaid of the equal powers in the line de is applicable to the 
powers in every line drawn parallel to A B, that is to the whole power 
ih ee eee eee e of The ma 
191. Now when a ray of light falls icularly upon the ſpace of The manner 
aQvity, its particles will be utes or retarded pl ho ns xo n- * 
dicular direction, according as the power of the medium acts e refractions and 
againſt the oourſe of their motion; and when the particles are gotthrough Pte gg. 
that ſpace they will proceed with an uniform velocity. But if a ay vp or r 
falls obliquely opon the ſpace of activity Im, the force of the medium 
now acting ſideways or obliquely upon the particles, will bend their 
courſe into a curve pgr, during their paſſage through that ſpace. For as 
light has this proper in common with all other bodies, of moving 
ſtraight forwards, while its motion is not diſturbed by an oblique force, 
ſo when it is diſturbed, we may reaſonably conclude, it will follow thoſe 
other laws of motion, to which all other bodies are equally ſubject. The 
force of the medium acting fideways upon its oblique courſe, will there- 
fore draw it perpetually out of one direction into another. But having 
paſſed through the ſpace of activity, it will then proceed ſtraight forward; 
for being attracted or impelled every way alike, or elſe not at all if it be 
in empty ſpace, it will have the ſame freedom of motion in both caſes: 
Juſt as an animal ſurrounded with air, though violently prefled on every 
fide, feels no conſtraint, but has an equal facility of moving in any di- 
| M 2 - rection 
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rection. Thus we ſee that the refraction of light is per formed in the ſamg 
manner as if a ſtone was thrown in the direction op, and its courſe was 
bent into a curve pgr by its gravity; or being thrown the contrary way 
in the direction 57, it was. bent into, the. curve 79p in aſcending : and 
ſuppoſing the attraction of the earth to reach no higher than the line &/ 
the ſtone would from thence proceed in a ſtraight line po. Now the gra- 
vity of the ſtone may be ſo great, or the force af projection ſo weak, or 
the direction of the motion ſo oblique to the horizontal line &/, that it 
cannot aſcend ſo high as this line. In this caſe the ſtone will deſcend from 
the higheſt; point of its courſe by the fame degrees of.curvity. with which 
it aſcended; and if its gravity be ſuppoſed to ceaſe in all places below the 
line mn, the ſtone will go on in the direction of the laſt particle of the 
curve produced. This is a parallel caſe to that of reflections from the 
farther ſurface of denſe mediums, when the incident ray is ſo much in- 
clined to that ſurface as to be pulled back into the ſame medium. Hi- 
therto I have ſuppoſed the refracting medium to be contiguous to empty 
ſpace; but the manger of reflection and refraction is the ſame as the com- 
mon ſurface of any two mediums. For fince the ſeparate forces. of the 
mediums act in the ſame lines, perpendicular. to their. common ſurface a, 
and in contrary directions; the light will be affected with the difference 
of thoſe forces in the ſame manner as before. And if the mediums have 
equal forces they will ballance each other, without cauſing any reflection 
or refraction. at all. It has been abſerved already that the perpendicular 
breadth of the ſpace of activity is exceeding ſmall, and conſequently in 
phyſical experimentsthe incurvation, af the ray may {till be conſidered as 
performed in a phyſical point. af 
And in cau-- 192. According to this theory nothing, more is requiſite for producing 
— all the variety of colours and degrees of refrangibility, than that the rays 
bility of rays. Of light be bodies of different ſizes; the leaſt of which may make violet, 
Net. Opt. the weakeſt and darkeſt of the colours, and be more eaſily diverted by re- 
p. 3% Afracting, ſurfaces from its right courſe; and the reſt, as they are bigger 
a and bigger, may make the ſtronger and more lucid colaurs, blue, green, 
FIS 29% yellow and red; and be more and more difficultly diverted. For particles 
of different, ſizes, that fall upon the ſpace of actix ity x/mn in the lipe 
op, having different forces, may deſcribe different curves, as pa, pb, c, 
and conſequently will emerge from that ſpace in different angles. : 
And in cu. 193. Thus may heterogeneal particles diverge from one another by 
edlen refraction, though not by reflection, For if the line of. their incidence 
be che ſame in op be ſo oblique to the ſpace of attraction &/mn, that all the particles are 


aliens of pulled back into the fame medium, they will return in parallel lines rs, 


Fig. 289. 


2 Art. 190 


Dig: 290, xy, Kc. inclined to that ſpace. in the ſame angles as che line of jnci- 
dience op is inclined to it. Iuſt as ſeveral balls of different ſizes, ſhot with 
e fend ous of 8 cannon in any fixe policion, will deſcribe . 
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ferent curves, as pdr, pet, pf x, &. yet in returning to the ground they 
will all ſtrike upon it in equal angles at 7, r, x, &c. every one being equal 
to the angle of elevation at p. Now ſince the ſpace of attraction is ex- 
ceeding thin, the parallel lines 18, fu, &c. will be ſo cloſe together that 
the ſenſe cannot perceive a diſtinct ſenſation of the ſeparated particles, 
and conſequently the reflected and incident light will appear of the ſame 
colour. And when the incident light conſiſts of ſeveral rays though the 

rticles in each ray may be a little ſeparated after reflection, and proceed 
in different lines, yet thoſe ſeveral lines will be mixt together, and con- 
ſequently the reflected light will appear white or of the ſame colour as the. 
incident light. 

194. By what I have quoted from Sir 1/aac Newton in the 185th ar- And in cauſ- 


ticle, his notion of the cauſe and manner. of reflection from opake bodies, }> bong 


and from the firſt ſurface of tranſparent bodies, ſeems to be this that fol- bodies and 

lows. Let the attractive power of the denſe medium ABCD end at the #97 the irit 

line &/, and there let the repulſive power begin, and let it end at the pa- — 

rallel line vi; and when a ray op falls from air upon the ſpace of repul- ones. 

ſion 47 #1, it will be perpetually diverting from one direction to another g ?9** 

by the oppoſition of the repulſive force, and ſo will deſcribe a curve pgr,. 

till it emerges from that ſpace in the ſame angle at r with which it im- 

merged at p, and then it will proceed in a right line 7s. This will be the 

courſe of the ray if its 7 ater force be but weak, or the repulſive force: 

be ſo ſtrong as to hinder it from entering the ſpace of attraction æ Im n. 

For if it enters this ſpace, inſtead of being reflected, it will be refracted 

into the denſe medium. And in reality ſome part of the incident light is. 

always reflected and ſome refracted at all tranſparent ſurfaces ; the cauſe 

of which aur author has alſo conſidered. a Newt. Opt q 
Hence it ſeems to follow that the repulſive power of a denſe medium 

is leſs extended or elſe weaker than the attractive. For if the bending of a. 

ray by the repulſive power, was not leſs than the contrary bending made. 

by the attractive, the refraction into a denſe medium could not always 

be made towards the perpendicular, as it always is. We may alſo obſerve -: 

that a refract ing ray, in its paſſage through the ſurface of a tranſparent me. 

dium, is bent backward and forward with a motion like that of an eel; 

and our author takes notice of the ſame ſort of motion in its paſſage by 

the edges and ſides of bodies. It follows alſo that the repulſive power 

does not extend to a ſenſible diſtance from the medium; for if it did, it 

would be diſcovered by a ſenſible incurvation of the ray throughout that 

extent; Contrary to experience. | 

195. Thus fays our author will nature be very conformable to her ſelf The diſtin- 

in performing all the great motions of the heavenly bodies by the attrac- S:ifing 1 

tion of gravity, which intercedes thoſe bodies, and almoſt all the fmall ja newn'st 

ones of their particles, by ſome other attractive. and repelling powers, philoſophy... 

| Which 


a Newt. Opt. 
r 372. 
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which intercede the particles a. Since bodies at reſt, or put in motion can- 
not alter their ſtate of reſt, or the direction of their motion; it follows 
that bodies which move in curves, as the planets do, are continually 
drawn or impelled out of one direction into another by ſome power act- 
ing conſtantly upon them: juſt as bodies projected in the air are drawn 
into curves by the power of gravity. Without afſuming any other prin- 
ciples, our author has ſhewn by the ſtricteſt reafoning, what effects this 
power muſt produce among comets, planets and ſatellits once put in- 


o motion; as what would be the ſhapes and poſitions of their orbits; 


with what velocities they would move in different places; what propor- 
tions there would be between the times of their periods about a central 
body, with reſpect to their diſtances from it; what diſturbances they 


would cauſe in cach others motions, and in the flux and reflux of the ſea, 


and the like. In a word he has exactly deſcribed all the particulars of a 
planetary ſyſtem, Then by comparing this ſyſtem with facts and obſer- 
vations, made upon the real motions, periods and diſtances of the planets 
and comets, he has ſhewn ſo exact an agreement between them, not in 
groſs but quantity for quantity, in athouſand particulars, that whatever 


differences appeared at firſt, are always found to be leſs and leſs by more 
Accurate obſervations. Now as ſo exact a conformity of reaſon and expe- 


rience is the greateſt evidence we can poſſibly have, that this explication 


of the mechaniſm of the world is a true explication ; and as it is the di- 


ſtinguiſhing character of his ſyſtem, which all the philoſophers that liv- 
ed before him could never give of any of theirs, for want of ſufficient 
ſkill in geometry; ſo likewiſe he has given us the ſame evidence for the 


truth of his theory of light. For inſtance, having ſhewn by experiments 


_—_ b Opt. p. 68. 


Princip. lib. x 


prop. 94. 


that light and bodies affect one another at a diſtance, by ſome power that 
intercedes them; whatever be the law of this power, he has proved ma- 
thematically, by two different methods, that in all refractions the ſine of 
incidence muſt be to the ſine of refraction in a given ratio, and in reflec- 
tions that the angles and fines are equal b. I have made this compariſon 
more at large to rectify an opinion ſtill current, even amonſt men of 
learning; who obſerving that various ſyſtems of philoſophy in ſucceſſive 
ages have riſen and ſunk in the opinions of men, like modes and faſhions, 
and not confidering in what reſpec our author's ſyſtem is plainly diſtin- 
guiſhed from that of all others, are apt to think that his alſo in time will 
ſuffer the ſame fate. But it muſt be allowed, ſo long as there is a con- 
Nancy in the nature of things, and a mutual agreement of reaſon and ex- 


perience, that a ſyſtem founded entirely upon this alone and nothing elſe 


can never be changed, nor be leſs eternal than the world and truth it ſelf. 
I will conclude this book with our author's diſcoveries concerning the 
Particular conſtitutions of bodies; which render ſome of them tranſpa- 
rent, others opake- and coloured. | 

| ; | CHAP, 


+ 


ch. 8. REFRACTFON AND REFLECTION; 95 


Cu A. vii. 


CONCERNING. TRANSPARENCY, OPACITY AND COLOURS:1IN- 


196; FF 1 08 ſuperfices of tranſparent: bodies reflect the greateſt: Stronger and 
quantity of light. which have the greateſt refractive power; 2 

that is which intercede mediums that differ moſt in their refractive den- cd. 
fities*: and in the confines of equally refracting mediums chere is no- re- Nenn Opt. 
flection. The analogy. between refraction and reflection will apppear by 1 ar. 189. 
conſidering, that when: light paſſes obliquely out of one medium into a- 
nother which refracts from the perpendicular, the greater is the diffe- 
rence of their. refractive denſities, the leſs obliquity of incidence is requi-' 0 
ſite to cauſe a total reflectionb. Thoſe ſuperfices therefore which refract b Art 17. 
moſt, do ſooneſt reflect all the light which is incident upon them, and ſo 
muſt be allowed moſt ſtrongly refleive. But the truth of this propoſi- 

tion will farther appear by obſerving, that in the ſuperfices interceding 
two tranſparent mediums (ſuch as are air, water, oil, common glaſs, 
cryſtal, , meralline glaſs, iſland glaſs, white tranſparent arſenick, dia- 
monds, &c.) the reflection is ſtronger and weaker accordingly as the ſu- | 
perfices hath. a greater or leſs refractive power. Fer in the confine of air \ 
and ſal-gem it is ſtronger than in the confine of air and water, and ftill 

ſtronger in the confine of air and common glaſs or cryſtal, and ſtronger 

in the confine of air and a diamond. If any of theſe and ſuch like tran- 

ſparent ſolids, be immerged in water, its reflection becomes much weak- 

er than before, and ſtill weaker if they be immerged in the more ſtrong- 

ly refracting liquors of well rectified oil of vitriol or ſpirit of turpentine. 

If water be diſtinguiſhed into two parts by an imaginary ſurface, the re- 

flection in the-confine of theſe two parts is none at all; in the confine of 

water and ice it is very little; and in that of water and oil it is ſome- 55 
thing greater; in that of water and ſal - gem ſtill greater, and in that of 

water and glaſs or cryſtal or other denſer ſubſtances ſtill greater, accord- 

ingly as thoſe mediums differ more or leſs in their refractive powers. 

Hence in the confine of common glaſs and cryſtal there ought to be a 

weak reflection, and a ſtronger reflection in the confiine of common and 
metalline glaſs, though I have not yet tried this. But in the confine of 

two glaſſes of equal denſities, as of two object- glaſſes of long teleſcopes 
preſſed gently together, there is not any ſenſible reflection. For objects may 

be ſeen by rays obliquely tranſmitted through a round black ſpot where 

the glaſfes touch one another, but not through other places where the 

light is reflected at the interval between the glaſſes. And the ſame may 

be underſtood of the ſuperficies interceding two cryſtals, or two liquors, , 

in, which no reflection is cauſed, So then the reafon why uniform PQ: | 
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cid mediums, ſuch as water, glaſs, or cryſtal, have no ſenſible reflection, 
but in their external ſuperficies, where they are adjacent to other medi- 
ums of a different denſity, is. becauſe all their contiguous parts have one 
and the ſame degree of denſity : or this uniform denſity of their conti- 
uous parts is a neceſſary condition of the traſparency of the whole. 

197. The leaſt parts of almoſt all natural bodies are in ſome meaſure 
tranſparent: and the opacity of - thoſe bodies ariſeth from the multitude 
of reflections cauſed in their internal parts. That this is ſo hath been ob- 
ſerved by others, and will eaſily be granted by them that have been con- 
verſant with microſcopes. And.it may alſo be tried by applying any ſub- 
ſtance to a hole, through which ſome light is immitted into a dark room. 
For how opake ſoever that ſubſtance may ſeem in the open air, it will by 
that means appear very manifeſtly tranſparent, if it be of a ſufficienc 
thinneſs. Only white metalline bodies muſt be excepted, which by rea- 
ſon of their exceſſive denſity ſeem to reflect almoſt all the light incident 
on their firſt ſuperficies, unleſs by ſolution in menſtruums they be redu- 
ced into very ſmall particles, and then they become tranſparent. 

698 Between the parts of opake and coloured bodies are many ſpaces, 
either empty or repleniſhed with mediums of other denſities ; as water 
between the tinging corpuſcles wherewith a liquor is impregnated ; air 
between the aqueous globules that conſtitute clouds or miſts; and for the 
moſt part ſpaces void of both air and water, but yet perhaps not wholly 
void of all ſubſtance, between the parts of hard bodies. The truth of 
this is evident by the two preceeding articles. For by the latter article 
there are many reflections made by the internal parts of bodies, which 
by the former article would not happen if the parts of theſe bodies were 
continued, without any ſuch interſtices between them: becauſe reflec- 
tions are cauſed only in ſuperficies which intercede mediums of a different 
denſity by article 196. 

But farther, that this diſcontinuity of parts is the principle cauſe of 
the opacity of bodies, will appear by conſidering, that opake ſubſtances 
become tranſparent by filling their pores with any ſubſtance of equal or 
almoſt equal denſities with their parts. Thus paper dipt in water or 
dil, the oculus mundi ſtone ſteeped in water, linen cloth oiled or varniſh- 
ed, and many other ſubſtances ſoaked in ſuch liquors as will intimately 
-pervade their little pores, or ſeparating parts, become by that means more 
tranſparent then otherwiſe. So on the contrary, the moſt tranſparent 


ſubſtances may by evacuating their pores, or ſeparating parts, be render- 


ed ſufficiently opake; as ſalts or wet paper or the oculus mundi ſtone by 
being dried; horn by being ſcraped; glaſs by being reduced to powder 
or otherwiſe flawed; turpentine by being ſtirred about with water till 
they mix imperfe&ly ; and water by being formed into many ſmall bub- 
ibles, either alone in the form of froth, or by ſhaking it together * 
0 
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oil of turpentine or oil of olive or with ſome other convenient liquor, 
with which it will not perfectly incorporate. SE | 
' 199. The parts of bodies and their interſtices muſt not be leſs than of The conviitu- 


ſome definite bigneſs, to render them opake and coloured. For the opa- ton dt ef- 
keſt bodies, if their parts be ſubtily divided, (as metals by being diflol- what. 
ved in acid menſtruums ro ena perfectly tranſparent; and at the Newt. Opt. 
ſuperficies of the obje-glaſſes, mentioned in the 196th article, where? 
they were very near to one another though they did not abſolutely touch, 
there was no ſenſible reflection. And likewiſe if a bubble be blown with 
water firſt made tenacious by diſſolving a little ſoap in it, and be cover- 
ed with a clear glaſs, to defend it from being agitated by the external 
air, and be ſuffered to reſt a while, till by the continual ſubſiding of the 
water it becomes very thin; at the top where it is thinneſt, there will 
grow a round, black, ſpot 2 that between the object-glaſſes) which 
will continually dilate it ſelf more and more till the bubble breaks; now 
this ſpot appears black and tranſparent for want of a ſenſible reflection, 
whereas the ſides of the bubble which are thicker than the top appear 
coloured and opake by a ſtrong reflection. | 
On theſe grounds I perceive it is that water, ſalt, glaſs, ſtones and ſuch 
like ſubſtances aretranſparent. For upon diverſe conſiderations they ſeem 
to be as full of pores or interſtices between their parts as other bodies are, 
but yet their parts and interſtices to be too. ſmall to cauſe reflections in 
their common ſurfaces. | 
200. The black ſpots at the top of the water-bubble, and in the mid- Rings of co- 
dle of the object-glaſſes compreſſed together, are always ſurrounded by a dl water 
_ multitude of concentrick rings of all ſorts of colours: and as the colour explained 
in every ring is the ſame quite round its circumference, and different in Neg. Ov. 
different rings, ſo it is manifeſt ee the ſpherical figure both of the * 
obje&-glaſſes and of the bubble of water, from the uniform gravity 
of the particles of the water ſubſiding gradually on all fides from the 4 
to the bottom) that the thickneſſes, both of the plate of air between the glaſ- 
ſes and of the water - bubble, are alſo the ſame in every part of the ſame 
ring, and different in different rings. Which ſhews that the particular 
colour of any ring depends upon a particular thickneſs of the plate of air 
or ſhell of water, where the incident light of the open air is reflected to 
the eye. Rings of colours do alſo appear by light tranſmitted through 
the water- bubble, and through the object-glaſſes, held between the eye and 
the light, but their colours are different from thoſe that appear in the 
ſame places, by reflected light. a | | 
Theſe are the general appearances of the rings in the open air; but 
when homogeneal light is caſt by a priſm upon the object-glaſſes in a 
dark room, the colour of all che rings, ſeen by light reflected from the 
glaſſes, is the ſame as. af the light 1 upon them; and in the * 
| | v 


Fig: 294- 
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vals between the coloured rings other dark rings appear like the ſpot in 
the middle; through all which the incident light is tranſmitted, and ferme 


other intermediate rings of the ſame colour 1 5 a white paper held be- 
Tis 


hind the glaſſes, as repreſented in the figure. alſo to be obſerved that 
the diameters, breadths and intervals of rings of homogeneal lights, of 
different colours, are all different; thoſe made by hom red being 
the largeſt, and by homogeneal violet the leaſt; and thoſe of the inter- 
mediate priſmatick colours are of intermediate ſizes. And from hence 
the origin of the different coloured rings in the open air ismanifeſt; name 
ly, that the air between the glaſſes, according to its varĩous thickneſs, is 
diſpoſed in ſome places to reflect and in others to tranſmit the light of any 
one colour; and in the ſame place to reflect that of one colour where it 
tranſmits that of another. The appearances are the ſame when water is 
between the object-glaſſes, only the rings are ſmaller. 
The conſtim- 201, The tranſparent parts of bodies according to their ſeveral ſizes 
hr — our- reflect rays. of one colour and tranſmit thoſe of another; on the ſame 
therexplained. grounds. that thin plates or bubbles do reflect or tranſmit thoſe rays. And. 
— „ this L take to be the ground of all their colours. For if a thinned or pla- 


glaſſes. Leaf gold and ſome ſorts of painted glaſs, and the infuſion of 


no reaſon why every thread or fragment ſhould not keep its colour; and 
by conſequence why a _ of thoſe threads or fragments ſhould not con- 
ſtitute a maſs or powder of the ſame colour which the plate exhibited bo- 
fore it was broken. And the parts of all natural bodies being like ſo many- 
fragments of a plate muſt on the ſame grounds exhibit the ſame colour. 
Now that they do ſo will appear by the affinity of their properties. 
The fineſt coloured feathers of ſome birds, and particularly thoſe of pea- 
cocks tails, do in the very ſame part of the feather appear of ſeveral co- 
lours in ſeveral poſitions of the eye; after the ſame manner as the rings: 
do inthe water-bubble and between the object-glaſſes; and therefore their 
colours ariſe from the thinneſs of the tranſparent parts of the feathers;. 
that is from the ſlenderneſs of the very fine hairs, or capillamenta, which 
grow out of the ſides of the groſſer lateral branches or fibres of thoſe fea- 
thers. And to the ſame purpoſe it is that the webs of ſome ſpiders, by be- 
ing ſpun very fine, have appeared coloured, as ſome have obſerved; and. 
that the coloured fibres of ſome ſilks by varying the poſition of the eye da. 
vary their colours. Alſo the colours of ſilks, cloths-and.ather ſubſtances, . 
which. water or oil can intimately penetrate, become more faint and ob- 
ſcure by being immerged in thoſe liquors; and recover their vigour a- 
gain by being dried; much after the ſame manner as the colours of thin 
plates of muſcovy glaſs become more faint and languid by wetting them, 
and alfo thoſe of the rings by letting water creep in between the object- 
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dignum 10 ticum, reflect one colour and tranſmit another, as che 
rings in the water - bubbles and between the object-glaſſes do in the very 


have their colours a little changed by being very elaborately and finely 
ground. Where I ſee not what can be juſtly pretended for thoſe changes, 
Þeſides the breaking of their parts into leſs parts by that contrition, after 
the ſame manner that the colour of a thin plate is changed by varying 
its thickneſs. For which reaſon it is that the coloured flowers of plants 
and vegetables by being bruiſed uſually become more tranſparent than be- 
Fore, or at leaſt in fome degree or other change their colours. Nor is it 


much leſs to my purpoſe, that by mixing divers liquors very odd and re- 


markable productions and changes of colours may be effected * ; of which 
no cauſe can be more obvious and rational than that the ſaline corpuſcles 
of one liquor, do variouſly act upon or unite with the tinging corpuſcles 
of another; fo as to make them ſwell, or ſhrink, (whereby not ya their 
bulk but their denſity may alſo be changed ;) or to divide them into ſmal- 


Jer corpuſcles, (whereby a coloured liquor may become tranſparent *;) a Art. rgy. 


or to make many of them aſſociate into one cluſter, whereby two tran- 


_ liquors may compoſe a coloured one. For we ſee how apt thoſe b Art. 198. 


 faline menſtruums are to penetrate and diſſolve ſubſtances to which they 

are applied, and ſome of them to precipitate what others diſſolve. In like 
manner, if we conſider the various | PAT of the atmoſphere, we 
may obſerye, that when vapours are firſt raiſed, they hinder not the tran- 
ſparency of the air, being divided into parts too ſmall to cauſe any reflec- 


tion in their ſuperficies*. But when in order to compoſe drops of rain e An. rgg. 


begin to coaleſce. and conſtitute globules of all intermediate ſizes, 
theſe globules when they become of a convenient ſize to reflect ſome ſorts 
of rays and tranſmir others, may conſtitute clouds of various colours ac- 
cording to their fizes. And I ſee not what can be rationally conceived, in 
ſo tranſparent a ſubſtance as water, for the production of theſe colours be- 
ſides the various ſizes of its fluid and globular parcels, _. 


= dee Beule upon colours, experim. 20. p. 245- 


| me places. and ſome of thoſe coloured powders which painters uſe, may 
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CHAPTER L. 


To find: the focus of rays refleted from any * furface. 
PROTOSITION EK 


Eig- 295- 202. | rr ACB bea refletting plane, and ako focus of the inci. 
dent rays, and QC a fon mrmngr 7 to that plane; and if this 
perpendicular be produced to q, L/o that qC be equal to. QC, 

d the point q ſhall he the focus 97 e reflected rays. © 
For let 2.4 be any incident ray; draw g A and produce it towards O, 
and CA towards D. Then becaufe C7 is made equal to CA, the criangles 

C Ag, CAL, will be equal*. And conſequently the angle DAO, which 

- qual to the oppoſite angle  Ctg,i is alſo equal to the angle C49, There- 

A. 9. fore AO is the reflected ra . VE. D. 

1 20g. Corol. Hence all the rays that flow towards 2 will flow to o Qaf: | 

11. 
ter reflection - : | 


ach Ax. Eucl. 


LEE M M A. 


204. Qxantities and their proportions, which fo approach” to a fate 22 . 
22 as to become It, at laſt, may he talen for equal in @ ftate imme 
diately preceding the laſt; an g ina ſtate ſomeubat remote from the laſt. 
N 4 enfible error in plyfical ſubjects: _ the ſame may be ſaid of f 
gures which continually approach to a ſtate of militude eſpecially if theſe. 
errors, when computed, are found inconfiderabl 

The meaning of the. lemma will appear 2 plain when applied to the 
following propoſitions. 

PROHOSIT IO IL 


296, 297+. 205; V ben parallel rays ut DA, EC fall almoſt perpendicularly upon a. 
ſpherical ſurface A CB, the focus, T. & the _—_ rays will bifett that 
* EC, which is parallel to the inci nt rays... I 

or 


/ 3 
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For drawing EA, it will be perpendicular to the ſpherical ſurface at 

A, and fince EC is in the ſame plane as the angle of incidence DAE, 

the reflected ray Aq (produced backwards in fig. 297.) will meet EC 
ſomewhere in q*; ſo that the angle of reflection EAq may be equal * to 12 1 
the angle of incidence EAD or to the alternate angle AEg. The rwo ſides 
Ag, Eę of the triangle Ag E are therefore equal to each other ©; and con- e Euc. I. 6. 
ſequently each of them greater than half the third fide EA, or than ET 

by conſtruction. But as the point of incidence at A approaches towards C 

the lines Eg, ET continually approach towards equality, and become 

equal when the triangle A Eg is vaniſhing: and ſa the focus of rays fal- 

ling almoſt perpendieularly on the ſurface, or the neareſt to the point C. 

is to be reckoned at T4. Q. E. De d Art. 204. 

206. Corol. Hence if T be the focus of the incident rays, the reflected fi 

enes will go parallel to tlie line T Ee. | e Art. 1. 


PRO POSITION III. 


207. Let AC B be a refletting: ſurface of any ſphere whoſe center is E. Fig. 298, 2999- 
Biſect any radius thereof, ſuppoſe EC, in T; and if in this radius, on the 
ſame "ag of the point T, you take the points Q and q, ſo that TQ TE and 
T q be continual proportionals ; and the point Qbe the focus of the incident. 
rays, the point q ſhall be the focus of the reflectea ones. | ; 
Let A and Ag be an incident and reflected ray (produced) making e- 
2 angles with the perpendicular AE; and. the reflected ray Aq (pro- 
ced) will cut QE (produced) ſomewhere in 9, as being in. the plane of 
incidence EA f. Draw EG parallel to. Ag, and let it meet AY in G; and f Art. 7. 
alſo Eg parallel to AA, meeting Aq ing: then becauſe the angles EAG, 
EAg are equal s, it follows: that the triangles EAG, EAg are equiangu- 8 Ar. 8. 
lar at their common baſe AE l, and therefore equicrural i; and alſo equal.” ff. G. 
to each other; and conſequently each ſide of the equilateral figure A Egg,, 
in its vaniſhing ſtate when A comes to C, will be equal to half its diago- 
nal AE*, or by conſtruction to. ET. Now becauſe the triangles GRE, k Art. a0. 
g Eq are equiangular!, it will be as G to GE, ſo:gE to gen; that is, I Euc. I. 29. 
when the point A is coinciding with C, and conſequently the points G, g Re- VI. 4. 
with T, as Tt TE ſo TE to Tg. N. E. D. * A 204. 
208. Corol. 14 If q be the focus of incident rays, & will be the focus of 
the reflected ones | : 3 
209. Corol. 2. The rays that belong to 2 may be reckoned parallel when 
the diſtance T A is infinite, and then by this propoſition irs reciprocal T7 
becomes nothing; which is the ſecond propoſition. 
2 10. Corol. 3. Hence alſo we may deduce the firſt propoſition; for ſup- Fig 299. 
poſing & the focus od neident rays upon the convex ſurface AB; ſince 
T2, TC, Tq are continual proportionals, it is well known that their dif- 
ferencesCQ,, Cq muſt become equal when the lines themſelves v. 
; *. 


Fig. 300. 


dent rays to-go backwards in the ſame lines produced through the ſurface. 


rays only, that fall upon the common points of both curves about C, all 


2c contrary ways. | 


102  _GEOMETRICAL ELEMENTS BOOK 2. 
ly great; that is when the ſurface becomes a plane by removing its center 
.toan infinite diſtance. a | 

The figures ſerve for the caſes of a convex ſurface ſuppoſing the inci- 


211. 'By the demonſtrations of the two laſt propoſitions, it ap 
that the focus af refleded rays there determined, is nothing elſe in ſtrict- 
neſs of geometry, but the interſection of the axis of the ſurface, that is of 
the ray paſſing through its center, and of the neareſt rays to it: and alfo 
that other rays interſect the axis in different points farther and farther 
from that focus, as they fall farther and farther from the vertex of the 
ſurface. So that a ſpherical ſurface cannot poſſibly reflect all the incident 
rays to a ſingle point. Nevertheleſs when theſe aberrations · of the remoter 
rays from the geometrical focus ſhall be conſidered, it will appear here- 
after, that the denſity of their interſections, near that focus, is immenſe- 
ly greater than their denſity at any conſiderable diſtance from it. So that 
in phyſical things, the focus of all the rays, that fall almoſt perpendicu- 
lar upon a ſpherical ſurface, may be conſidered as a phyſical point. And 
the ſame is to be underſtood of the focus of refracted rays, as will appear 
by the like ſort of demonſtrations. Ee "= 

212. Hence it appears that the focus of rays reflected from any curved 

ſurface whatever, muſt be reckoned the ſame as if they were reflected from 
a ſpherical ſurface of an equal curvity to that ſurface about the points of 
incidence. As if CD be any curve whatever, C the point of incidence, 
CE perpendicular to the curve, or to its tangent at C, CE the radius of 
a circle 4C of the ſame degree of curvity at C; the rays coming paral- 
lel to CE, will be reflected to the ſame focus T from either of the ſurfa- 
ces; and alſo the rays that flow from any point Q, will be reflected by 
either ſurface to the ſame focus g. Becauſe we conſider the focus of tho 


the reſt being diſperſed much thinner into other places. 

213. In all theſe propoſitions when the focuſes Q, ꝙ lye on the ſame 
fide of the reflecting ſurface, if the incident rays flow from Q the reflect- 
ed ones will flow towards 3; and if the incident rays flow towards , the 
reflected ones will flow from q; and the contrary happens when & and 9g 
are on contrary ſides of the * Becauſe the incident and reflected rays 


* CHAPTER 
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en a s. OF CATOPFTRICKS. | 0 
| CnarPrTEer II. 


To determine the place, magnitude and. frtuation of images a 
CR formed by reflefted rays. | 


PRoPoSITION I. 


* 


214. acts formed by reflections from a plane ſurface are fimilar and. 
| ] equal 1 105 ils and has A ave 22 e with 

ay fo . bac ide of the plane as the parts of the object have with reſpect 
to its Forefide. | 

From any number of points P, Q, R of an object in any ſituation, draw: pig.301,302:- 

the perpendiculars PA, QC, RB to the plane AC B, and produce them 

through it to the points p, 9, 7, each as far behind the plane as P, Q, R 

are before it. The points p, q, r being the reſpective focuſes of the rays | 
that belonged to P, Q, R*, and being evidently in the fame order, toge- a Art: 20. 
ther with infinite others, will conſtitute an image of the object, equal to 

it in the whole and in every correſponding part, and alike ſituated: as 
will appear by conceiving the ſurface of the object, and of its image, di- 
vided into correſponding lines, ſuch as PR, por, by planes ſuch as. 
Pyr R perpendicular to the reflecting plane; and by folding up or dou- 

bling each plane in its line of interſection, AB, with the reſſecting plane. 

For the parts of each plane on each fide of AB will exactly cover each 

ther, as appears by the conſtruction. Q., E. D. | 


PROPOSITION II. 


215. If an arch of a circle PQR, concentrick to à concave or convex pig — 
ſpherical ſurface A B, be conſidered as an abject, its image pq r will alſo be a 306. 
fimilar concentrick arch, whoſe length will be to the length of the object, in 
the ratio of their diſtances from the common center E; and its ſituation wil! 
be erect or inverted, according as it is on the ſame or the oppoſite fide of the 
center to the object. 

For as the focus Q was found by making 72, TE, Tq continual pro- 
portionals in the line Q drawn through the center; ſo.the 3 of b Art: 2077- 

rays that belong to any other point P, is found by drawing PEA, and 
biſecting EA in S, and by making SP, SE, Sp continual proportionals. 
The two firſt terms of one proportion are ſeverally equal to the two firſt. 
of the other; and conſequently the third terms 79, Sp are equal; and: 
thence Ep and Eq are equal. The ſame being true of every point of the 
circular object PN, ſhews that its image pgr is a concentrick arch, ſi- 
milar to it, both being terminated by the ſame lines E Pp, E Rr; and 
conſequently their lengths are in the ſame ratio as their ſemidiameters 


EN,, 


. 
"= 

A 
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if the plane of the figures PER, pEr be turned round their common dia- 


— * WL 
* 
* 
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Eg, £4. Laſtly according as the correſponding extr-mities P and p, of 
the object and image, are on the fame or oppoſite ſides of the center E, 
they are alſo on the ſame. or oppoſite fides of their middle points Q, g, 


that is the image is accordingly erect or inverted. Q., E. D. 
216. Corol. The ſmaller the circular object is with reſpect to its radius 


or diſtance from the center, the.nearer it approaches in — 1 to a ſtraight 
ſmall 


line, and ſo does its ſimilar image. Conſequently a ſtraight ob- 
je, placed at a good diſtance from the center of the glaſs, may be reck- 


oned to have a ſtraight image very nearly: though in ſtrictneſs of geo- 


metry it is an arch of a conick ſection, whoſe determination may be ſeen 
in the remarks. he 

217. The images of all forts of coma may be determined, by finding 
the images.of their.out-lines, by the foregoing propofitions. For inſtance, 


meter Y Eg, the circular ſurface generated by pqgr will be the image of 
the circular object generated by PR: and if the ſame figures PER, 


HP Er be moved a little about an axis EF, ſituated in their own plane, and 


perpendicular to the diameter QE, the curvilinear figure generated by 
this motion of pr, will be the image of a ſimilar figure generated by 


PAR. Becauſe the reflecting arch AC B generates the reflecting ſpherical 
ſurface at the ſame time. 

218. But if the whole figure PERrp be moved —.— to it ſelf in a 
direction EF, now perpendicular to its own plane, ſo that the arch AC B 
may generate a portion of a cylindrical ſurface, the figure deſcribed by 
this motion of pgr, will {till be the image of that deſcribed by PR; 


but will not be ſimilar to it, except when they are placed at equal diſtan- 
ces on each ſide the center E, and conſequently are equal to each other: 


and their diſſimilitude will be ſo much the greater as the diſproportion be- 


Fig. 407, 308- 


tween Eq and EQ, or between their lengths pr, PR, is greater; their 


. deſcribed.by the motion aforeſaid, being always equal to each 
other. 


CAH ART TA HI. 


To find the focus of rays falling almoſt perpendicularly upon 
any refrating ſurface, ſphere or lens. 


DEFINITION: 


219. n E ſine of an angle ABC, or of an arch AC that meaſures 

| that angle, is a line AD drawn from the extremity of one of 
the ſemidiameters, AB, BC, perpendicular to the other, produced if the 
angle be obtuſe. And therefore an angle ABC and its complement ABE, 


to two right angles, have each the ſame fine ID; and when the Om 
i vera 


E n 2 * — 7 * 
* WY * * 
PEA > 4 
, n 


feveral angles are compared together, they are always underſtobd to be- 


_ conſequently are proportionable tothe angles themſelves. 


<# => * 9 p PX , 
** 9 * FOR. 4 * 
* FJ 2 oh * 
n 
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| | | 
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ro 


to the ſame or to equal circles. 022 1 
220. The ſines of very ſmall angles, and of their complements, be- 
tome at laſt inſenſibly different from the arches that meaſure them; and 


p LEMMA | bs | ; 

' 221. The fines of the angles of any triangle are proportionable to the op- Fiz. 309. 
pofite fedes-: 2 in % triangle ABC, the fine of the angle ABC is ts > # 
Ine of the angle BCA, as CA to AB. C ; e 8 05 
For the perpendiculars CD, BE upon thoſe ſides AB, AC produced, 

are the ſines ot the angles ABC, BCA or BCE with reſpect to circles 

whoſe radius is BC. And ſince the triangles CAD, BAE are equian- a Art. 219. 
gular*, we have CD to BE as CA to AB. Q. E. D. n 

222. Corol. Small angles, as BAC, BCE, ſubtended by the ſame per 
pendicular B. E, are reciprocally as their legs BA, BC or EA, EC. For 

the angle BAC is to BCE, when very ſmall, as the fine of BAC to the 


fine of BCE, or as B Cto BA or as EC to EA. oy 25 
b PRO FY OSIT ION I. * | SR 


5 22 3. Let ACBbe a refracting plane, and 2 the focus of the incident rays, Fig. 3 10 to 


and QC a perpendicular to that plane; and if qC be taken in this perpen- 313. 


dicular, on the ſame fide of the plane as QC, and in proportion to QC, as 

the fine of incidence to the ſine of refrattion, the point q ſhall be the focus of 

the refratted rays. 5 3 | 98 | 
For let the lines QA and Ag, produced as in the figures, repreſent an 

incident and a refracted ray, cutting / in any point q whatever; and 

fince a perpendicular to the plane at A is parallel to QC, the angle ANC 

will be equal to the angle of incidence, and AqC to the angle of refrac- 

tion. Therefore ſince equal angles have equal fines, the fine of incidence 

is to the line of refraction (as the fine of the angle AQC, to the ſine of 

Ag C, or as Aq to AN, that is when the ray QA isalmoſt perpendicular f An. 221. 

to the plane AB) as Cqto FE LEED: g Art. 204- 

PrRoPoSITION II. 


. 224. Let ACB repreſent refracting ſpherical ſurface whoſe center is Fig. 314. d 


E, and let the incident "_ as DA come parallel to any ſemidiameter C E, in 317. 


which produced forward or backward, according as the denſer medium is 
convex or coxcave, take C T to CE as the fine of incidence to the difference 
of the fines, and T will be the focus of the refratted rays. 1 85 5 

For let the refracted ray AT (produced) cut the ſemidiameter CE pro- 
duced, in any point T whatever; and ſince the ſemidiameter EA is per- 
pendicular to the refracting ſurface at 4, the angle of incidence will be 
equal to the angle AEC, and the angie of refraction, or. its complement 
TE 5 to 


4 


x Art. 221. 
b Art 204. 
eEuc, V. 17 


& Art. 11. 


Big. 318; 319. 


Rue. I. 6. 
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DF vil 


to two right ones, will be EAT; conſequently the fine of incidence is ta 
the ſine of refraction, (as the fine of the angle AEC, to the fine of EAT; - 
eras AT to TEA, that is, when A comes neareſt to C, and ſo the inci- 
dent rays are almoſt perpendicular to the ſurface,) as CT to TE*; and | 
digjointly © the fine of incidence is to the difference of the fines as CT to 
CE. Q. E. D. | 
1 225. Corel. x. CT is to TE as the fine of incidence to the fine of re- 
action. | HER 

226. Corol. 2. this point T be the focus of incident rays, the refract- 

ed rays will go parallel to T E d. . rag 
PRoroSITIoN III. r 

227. When farallel rays: fall .@ ſhbere, either denſer cr rarer tban 
the * _— 22 ee & P produced, which is parallel to. 
the incident rays, as QA, let T be their focus after their firſt refra#ion at 
AC; and the foint F which biſes T D ſhall be their focus after their ſe- 
cond refraction at DG. | . 

For let the incident and emergent rays, 2A, FG produced, meet in 
EH, and fince the refractions at A and G are equal, as appears by ſuppo- 
fing a ray to go both ways along the chord AG, the triangle AH is e- 
quiangular at its baſe AG, and therefore equicrural*; and fo is the fimi- 
lar triangle G FJ, the lines AH, FT being parallel. Therefore when A 
approaches roward Ctill G is coinciding with D and the triangle G FT is 
55 the leg GF will become equal to half the baſe GT that is. 

become equal to half DTf, 9. E. D. | 
| FE EMMA. 

228. Thereis a certain puim E within every double convex or dpuble con- 
cave lens, through which every ray that paſſes, will have its incident and 
emergent parts QA, aq- parallel ts each other : but in a plano-convex or 
plano-concave lens that point. E is removed to the vertex of the concave or 
convex ſurface; andin-a meniſcus and in that other concavo-convex lens, 


it is removed a little way out F them, and lyes next to the ſurface which 


has the greatef curvity. 


For let REr be the axis of the lens joining the centers R, r of its ſurfa- 
ces A, a. Praw any two of their ſemidiameters RA, ra parallel to each o· 
ther, and join the points A, a, and the line Aa will cut the axis in the point 
E above deſcribed. For the triangles REA, Ea being equiangular, RE. 
will be to Er in the given ratio. of the ſemidiameters Rg, ra; and con- 


ſequently the point E is invariable in the ſame lens. Now ſuppoſing a 


ray to paſs both ways along the line Aa, it being equally inclined to the 
perpendiculars to the ſurfaces, will be equally bent and contrary ways in 
going our of the lens; ſo that its emergent parts 4, ag will be pa- 
rallel. Now any of theſe lenſes. will become plano-convex or plano- con · 


cave, 


* 


„ 


ä—U— —— 2 


4. . # 
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un 3. 0 DIOPTRICKES. „ 
cave, by one of the ſemidiatneters NA, re bestens Mi 
* become parallel zo the axis of the lens, and then the 

other ſemidiameter will coincide with the axis; and ſo the points 4, E or a 
4, E will coincide. Q, E. D. 

229. Gral. Heer when a pencil. of rays falls almoſt icularly 
* y lens, whoſe thickneſs is inconſiderable, the cou er the tay 
through E, above deſcribed, may be taken for a ſtraight line 
— proc h the center of the lens, — ſenſible error in ſenfible 
_ For it is manifeſt from, the length of Aa and from the quantity 

refractions at its extremities, that the perpendicular diſtance of 


A uced, will be diminiſhed boch as the thickned ur 
ſens und de fen of the ray is diminiſhed. 


PrxoPosITION IV. FI 
230. To find the focus of parallel rays falling nn perpendicularly 1b 


an any given lens. 
Let E be the center of the lens, R and » the centers of its ſurfaces, R Fig. 324 to 
its axis, EG a line el to the incident rays upon the ſurface B, whoſe 9 


center is R. Parallel to g E draw a ſemidiameter BR, in which roduced 
— et ho com afin: their firſt refraQtion . \ 
and joining Vr let it cut g E 1 8 d in G; a and & will be the focus of 
the rays that emerge from f 
For ſince is alſo the focus of 14. ra incidearvupon i ſecond ar- 
face 4, the emergent rays muſt have their focus in ſome point of that 
ray which paſles ſtraight N this ſarface; that is in the line Vr, 
drawn through its center 7 : fince the whole courſe of another ray is 1 
teckoned a ſtraight W its interſection G with Vr determines the a Art. 229. - 
e E. D. 
1. Corol. 1. a the incident re parallel to the axis R. the 
Aer EFis equal to EG. For let He incident.ra that were pa- 
rallel to g E be gradually more inclined 1 to the axis till become pa- 
callel to it; and their. firſt and ſerond focuſes / and G will deſcribe cir- 
cular arches / T and G F whoſe centers are R and E. For the line RV is 
invariable; being in proportion to RB in a given ratio of the leſſer of the 
fines of 23 and refraQfon to their difference; conſequently the b Ar. 224. 
line EG is alſo variable, being in proportion to the given line RF in the 
2 of E to R. becauſe the triangles EGr, Rr are. equian- 


2. Corol. 2. The ill por gives the following rule for finding 3 
the ea diſtance of any thin * the interval between the cen- — 
ters of che ſurfaces, is to f E, the ſemidiameter of the ſecond furface, fo Bn 


is RY or RT, the continuation of the firſt ſemidiameter to the firſt focus, 
| or BY, ü Which according as the lens 
| 4 is 


» Art: 224, 


b Art. 225. 
| 13. 


Fig. 330 to 
335> 


c Art. 226. 


231. 


233. 


d Art. 204- 


= 
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is thicker or thinner in the middle than at its edges, muſt lye on the ſame. 
fide as the emergent rays or the eppoſite ſide. d 
233. Corol. 3. Hence when rays fall parallel on both ſides of any lens 
the focal diſtances EF, Ef are equal. For let t be the continuation of 
the ſemidiameter Er to the firſt focus t ef rays falling lel upon the 
ſarface A; and the ſame rule that gave R to-rE as RT to EF, gives. 
alſo rR-to REas rt to Ef. Whence Ef and EF are equal, becauſe the 
rectangles under E, RT: and alſo undes RE, rs are equal. For v E is to. 
t and alſo RE to R in the ſame given ratio”. . 
234. Corol. 4. Hence in particular in a double - convex or double-con- 
cave lens made of glaſs, it is as the ſum of their ſemidiameters (or in a. 
meniſcus as their difference) to either of them, ſo is double the other, to: 
the focal diſtance of the glaſs. For the continuations RT, rt are ſeverally 
double their ſemidiameters: becauſe in glaſs ET is to TR and alſo Et to 
. — 2 e 
235. Corel. g. Hence if the ſemidiameters of the ſurfaces of the glaſs be 


equal, its focal diſtance is equal to one of them; and isequat to the focal 


diſtance of a plano-convex or plano-concave glaſs whoſe ſemidiameter is 
as ſhort again. For conſidering the plane ſurface as having an infinite ſe- 
midiameter, the firſt ratio of the laſt mentioned proportion may be reckon- 
ed a ratio of equality. oh Rb oe Fo | 

' PROPOSLITLON V. 


' 226. The focus of incident rays upon a Angle. ſurface; | ſphere or lens Zei 1 
given, it is required to find the focus of the emergent rays. 


 Letany point & be the focus of incident rays upon a ſpherical ſurface, 


lens, or ſphere, whoſe center is E; and let other rays come parallel ro the 
line QE the contrary way to the given rays, and after refraction let 
them belong to a focus F; then taking Ef equal to E F, ſay as to FE 
ſo Ef to f q, and placing f q the contrary way from / to that of F9 from 
F, oY ge: q Will be the focus of the reffacted rays, without ſenſible error; 
pron the point Q be not ſo remote from the axis, nor the ſurfaces ſo 
road as to cauſe any of the rays to fall too obliquely upon them. 
For with the center E and ſemidiameter E F or Ef deſcribe two arch- 
es FG, fg cutting any ray Ha ꝗ in G and g, and draw EGand Eg. Then 
ſuppoſing G to be a focus of incident rays, (as GA,) the emergent rays 
(as agq) will be parallel to GE<; and on the other hand 7 gg ano- 
ther Ebert incident rays (as g a,) the emergent rays (as 4 ,) will be 
parallel tog E. Therefore the triangles QGE, Eg ꝗ are equiangular, and 
conſequently Q is to GE as Eg tog ; that is, when the ray QAag is 
the neareſt to EA, A is to FE as 10 Jgd. Now when Q accedes 


RCA ee 


ef Af. J. 97 U FOH TRICKS | reg. * 
recedes to an infloite diſtance; and conſequent]y PIR Hp" to the o- 
ther ſide of F, the focus q will alſo paſs througtt an infinite ſpace from one 

fide of f to che other ſide of it. 2E. D. 

237. Cord. r. In refractions at a ſpherical ſurface AC, che focus may 
alſo be found by this rule, as Q to FC ſo CF to fq; becauſe FCand ef 


and alſo FE and Cf are equal *. a Art. 225, 


238. Corol. 2. It may alſo be found this. rule, as F to Q ſo Q to 
243 ” lk 2g ſo chat all the four diſtances from Q may lye on one fide 
of it, or elfe two on each. For the Triangles WE, AA being equianges” 
| . to Q Eas A to 
W 3 Ina ſphere or lens the focus may be found by this rule, 
FE SAC Bs $0.06 laced the fame way from Lin © Flyes | 
from S or let the incident and emergent ray 2A, qa be produced” 
till they meet in e; and the tri 1 9GE, 2; eq being equiangular, we- 
have to Mas Qyto when Hed angles of Sek 
vaniſnng, the point e wi ' coincide with E; becauſe inthe ſphere the 
triangle Ae a is equiangular at the baſe Aa, and conſequently Az and ge" 
will at laſt become ſemidiameters of the ſphere; In a chickneſs 
Aa is inconſiderable. 

240. Corol. 4. In all caſes the diſtance fq varies -reciprocally as R. 
does; and they lye contrary 2 from and F; becauſe the rectangle or 
the ſquare under EF and E Vn the e terms in the foregoing propor- 
tions, is invariable. © 

241. Corol. 5. Convex lenſes of different ſhapes that haveequal focal di- 
ſtances, when put into each others places, have equal powers upon any 
pn ncil of rays to refract them to the ſame focus. Becauſe the rules a- 

vementioned. depend only upon the focal diſtance of the lens, * 
upon the proportion of the ſemidiameters of its ſurfaces. I 

242. Corol. 6. The rule that was given for a ſphere of an * S 
ficy, will ſerve alſo for finding the focus of a pencil of rays refracted 
through any number of concentrick furfaces, which intercede uniform 
mediums of any different denfities. For when rays come parallel to any 
line drawn through the common center of theſe mediums, and are refract- 
ed through them all, the own of their focus from chat center is inva-, 
riable, as in an uniform f 

243. Corol. 7, When the focuſes 2, ge ts fanks Bide of thd te 
Fracting ſurfaces; if the incident rays flow from &, the refracted rays. 
will alſo flow from ; and if the incident rays flow towards A the re- 
fracted will alſo flow towards q : and the contrary wilt happen when” / 
and 9 are on contrary ſides oft erefraQting ſurfces: Beeaule the raubt are.. 
continually going forwards. 


e triangles are- - 


The 2rith an a lach articles are applicable -d he. ee 


refledtions, 
| | Cnar- 


, 
4 
_— . . 
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CHAPTER IV. 


. 22 the * magnitude and vr 22 ke ; 
formed by refractæd . A 


PROPOSITION. Leanne 


"MAGES raved by re ractions at plane ſurfaces art ilar to the 
Wo objetts, * are . ered, 4 4 Ger r to the ob- 
jects, and on the ſame fide of the 2 ce | 
Fig. 336,337- Let PR be an object 2 refrating plane ACB; f to 
Dan Ld Fae x. PA R, &c. and in theſe 
culars take Ap to AP, Cꝗ to C, Br to BR in the ien ratio of the 
fine of incidence to the ſine of refraction ::; and the focules p, 9, r, &c. 
will conſtitute a ſimilar i image in a f ſituation to the object; the 
parts pg, 97 being in the ſame ratio as P, R. This is ſelf-evident 
when the object is parallel to the refracting and when it is inclin- 
ed, produce it till it cuts the plane in D; and the produced image 
alſo cut it in the ſame point D. For fi the perpendicular Br R 
to move towards D, bs lines BR, Br being in a given ratio will vaniſh 
both together: and becauſe the triangle DP is cut by lines 92. 
A VL 2: R it will be as p? to PQ (fo qD to O) fo gr to I, andalternate- 
5g to gr as P2 to R In like manner if the rays that belong to the 
uſes p, 9, 7 be refracted again by another I parallel or in- 
clined to AB, their ſecond focuſes will conftitute a ſecond i image, ſimi- 
lar to the fol image and conſequently ſimilar e and ſo on. 


N. 4a 
ee eee II. 


Fig. 338 40 445. If an arch of a circle P QR deſeribed u the center E. 4 ſphe- 
74 * rical ſurface, [mag lens, be 2 as an jel, its image + 1d 
be a fimilar concentrick arch; length wwill be to the length. of the ab- 
Jed in the ratio of their diſtances _ common center E; and the image 
will be erect or inverted, with reſpect᷑ to the * 1 Gs they lye on 
the ſame ide of the center or on contrary 
be pr opotitign is evident by inſpe lion of the 3 ch figure in all ca- 
Jes of 1 made by concentrick ſurfaces; iſe the parts of 
theſe ſurfaces are alike expoſed to the parts of the concentrick object. 
And in 3 dens the focuſes of all the pencils S 
concenrrick arch G FH; whence Pp —_ Ay being third 
4 £39. 490 of equal diſtances PG and PE, Fa 2 E are allo cqual; 
| che image pr is alſo a concentrick arch. W nn 


A Art. 233. 
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the eee ing through E, the angles 4 429. 
ve aw and therefore et pre of the image to the object, 
— 2ͤ : And according as their 
ponding extremities P, p are on the ſame or on contrary ſides of E, 


ee e, contrary ſides of their middle points Q, 93 that 


image is accordingly erect or inverted. Q. E. D. 
246. Ceroi. The ſmaller the circular object is with reſpect to its radius or 
diſtance from the center E, the nearer it a pproaches in ſhape to a ſtraighr- 
line, and ſo does its ſimilar image. C TE a ſmall ſtraight object pla- 
ced at a good diſtance from the center of che glaſs may be to have 
vſtraight image very nearly b: though in ſtrictneſs of geometry it is an arch b Art. a0 
of a conick ſection determined in the Remarks. And by theſe propoſitions: 
the images of all objects may be determined, by finding the images of 
their out- lines. Here I conclude the elementary progokiucas,, which aro: 
alſo demonſtrated. algebraically in the Remarks. 


CAE V. 


2 * 8 thi apparent diftance, magnitude, ſtation des 
IJ gree of diſtinfineſs and brightneſs, the greateſt angle of vi- 
ion and viſible area, of an objects ſeen by rays ſexe 
reflected from any number of plane or ſpherical ſurfaces; or 
ſucceſſively refracted through any number of Inſes of any 
fort, or through any number of different mediums whoſe ſur- 


faces are plane or "ſpherical. With am application to Telef<- 
copes and Microſcopes. 


PrRoPOos1T1ON I. 


AVING- the focal diſtances and apertures of any numbers Ens 
5 ſes of any ſort, lod at any given — * Fas one A 
and jrom the eye and ob ef, it is required to find the apparent diſtance, 
magnitude, een egree of di inn and brightneſs of the object ſeen” 
through all the lenſes; lh the greateſt augle of vifion and viſible 
area wo Ts die”. 2 the particular aperture which limits them both. . 


| Let PL be an ob viewed by the eye at O through any num- Ap: dillavee;” 
ber of lenſes placed at A, B, C, whoſe focal Aiſtances are the lines a, ö, c, Fig * 


and whoſe common axis is the line CA BCP. The diſtance OP may be 
conſidered as divided by the glaſſes at A, B, C, into two ſuch parts as 
OA, AP; OB, BP; oC, CB, or into three ſuch parts as 24 4B, 
BP; 04 „Ac, CP; or into four ſuch parts as. OA, AB, „ 15 

0 


Shams 


* —_— * 


112 APPEARANCES THROUGH - oon W | 
Jo on as far as the number of glaſſes 2 All the Wreral products of 
pect 


a Art. 100. 


ſuch correſponding parts, applyed reſpectively to the. focal diſtance, or 
to the product of the focal diſtances of the glaſſes, which are placed at 
the point or points of diviſion, will give ſo many ſeveral lines; which 
muſt be looked upon as negative, if there be an odd number of convex 
glaſſes at the points of diviſion, otherwiſe as affirmative. Let'ON be the 
ſum of O and of thoſe ſeveral lines according to their ſigns, and it will 
be the apparent diſtance of the object. >> 
249. And its apparent magnitude will be to its true ® magnitude, as 
OPro ON. „WF | | 
250. And if the value of Oll be affirmative, the object will appear u 
right, otherwiſe inverted. Or to expreſs the ſame things in other words, 
the object will appear through all the glaſſes at the ſame diſtance, of the 


ſame magnitude, and in the ſame ſituation, as it would 2 to the na- 


Viſual angle. 
Fig. 343- 


ked eye viewing it from the diſtance Ol, ſuppoſing it placed upright at 
II when O i is affirmative, and inverted when Oil is negative. 

251, When O dl is affirmative place it before the eye, otherwiſe be- 
hind it; then let the eye be removed from O to A, that its diſtance from 
the next glaſs may vaniſh; and here let A be the apparent diſtance of 
the object PL, to be found and placed by the ſame rules as ON was. 
Then let Ap be to A as AO to the difference of ON and Aw, if they 
lye the ſame way from O and A, otherwiſe to their ſum; and let the or- 
der of the points A, p, w be the ſame as the order of the points O, p, II; 
2nd from the ſituation of this point , a judgment may be formed of the 
degree of diſtinctneſs with which the object will appear. Becauſe the rays 
flowing from P, by paſſing through the glaſſes, will be diſpoſed to fall 
upon the eye, in the ſame manner as if the glaſſes being removed, they 


tended from the point p, when it falls before the eye, or towards the point 


p, when it falls behind the eye. | 
252. Let the lines AR, BS, CT be the ſemidiameters of the on a- 
pertures of the glaſſes 4, B, C; and let OP be the apparent diſtance af 
the line BS, ſeen through the glaſs A4; and Oy the apparent diſtance of 
theline CT "rapes. the glaſſes A and B; to be found as above. E- 
rect the perpendiculars g equal to BS, and yr equal to CT, and then 
the leaſt of — angles, which any one of the perpendiculars AR, ge, yr, 
ſubtends at O, will be half the greateſt angle of viſion. n 
253. Let this angle be g Oc, and let Os, produced, cut a ndicu- 
lar to the axis at II in A; then PL taken equal to [1A will be the ſemi- 
diameter of the greateſt area of the object PL, that can be ſeen at one 
view from O, through the given apertures of all the glaſſes: and there- 


fore PL or Il A, the ſemidiameter of the viſible area, will be to ge or 
Bo, the ſemidiameter of the aperture which limits it, as ON the appa- 


rent diſtance of the area, to Op the apparent diſtance of that aperture. 
Mg | | 254. 
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2564. And by te ſuppoſition that g Oo is the leaſt of all * fub- week 


. at O by any of the given lines AR, Bo, yr, it will follow that 
the aperture which limits the viſual angle and viſible area, belongs to the 
glaſs B. 


he ces of light, let NO be its ſemidiameter when the object PL is 

3 the naked eye from the diftance OP ; and upon a plane that 

e eye at 510 de cb mere of the gre area, vi- 

| erg all he laſs is anoctic 6p eat P, bee ee 
- which is the fame thing let OK be. the ſemidiameter of the great 


area inlightened b y a pencil of rays flowing from P threpgh all the 
ale, whon AY not lefs than the area of the pupil, the 


int P will appear juſt as bright through all the glaſſes, as it would do 
if they were removed: bur if the inlightened area be leſs than the area of 
the pupil, the point P will appear leſs bright through the glaſſes, than 


if they were removed, in the ſame proportion as the inlightened area is 


leſs than the pupil. And theſe proportions of apparent brichineſs would 
be accurate, if all the incident rays were tranſmitted through the Slaſſes 
to the eye, or only an inſenſible part of them were ſtopt. 


. 15 


16 For let an any ray OrstL, of a pencil <1 ng o flow from the Ap. diſtance, 
Vg. h, after i its ſuc- Fig. 344- 


eye to the object, belong ſucceſſively to the focu 
ceſſive refractions at the glaſſes Ar, Bs, Ct; and then let ĩt fall upon 
the object at L. The point 2 will therefore be ſeen by the ray LtsrO 
returning back along you 

rallel to OP meet — viſualra, ray Or, produced, in A; and let the rectan- 
gle PLAN be compleated; and ON will be the apparent diſtance of the 


obje&®. Let us at firſt ſuppoſe all the lenſes to be concaves; and ſince the © b Art 13%, | 


triangles O.Ar, OA are equiangular, we have O to ON in the fam 
ratio as Ar to A or PL; or in a ratio compounded of Ar to Bs, By 


to Ct, Ct to PL; or compounded of fAtofA— AB, g B tog B+ BC, 


Ic to bœ Af, and conſequently ON = AXES * 


— by which theorem the apparent diſtance ON will been 0 
dene A xB, C can be found. Theſe may be found by Art 239 as fol- 


lows; FA== ; 3B c = — Hence it is 


G Ari c 


eaſy to collect, that if the eye at O views an object at B through one 


glaſs at 4, is apparent diſtance O8=OB * P e 


P views - 


255. Since the magnitude of the pupil js ſubje&t to be varied by vari- Ap bright | 


ams lines to the eye at O.. Let LA drawn pa- ,_ . 


N 


N - 8 2 
1 1 "oe, 1 
* * * 


p, AL 


TIF TTY £3 rim * PP r 


+4; 
4 
= 
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Views an object ar C, through-two'glaſles at A N, its apparent diſtance 


erg AFFEARANEES trarroubon 


800K 123 


Dec O80, DEBG Hl arias io ira On bake 
+ — + ——+——}; that if the eye at O views an obje&@ 


ie ee AQ i 2B 9 nn e (9% 110100 ; | 
at P through three glaſſes at A, B, C, its apparent diſtance O Hg O 


0A M oe MBP. .10ACP....: OR: Li 24BCP. .... 7 
ie OE 2 e 2 N 2 —— rl Wye” _ =; and 


tnde. 
Ap. ſituation. 


Ap. diltiaQ- 
nels. 
Big. 345, 


ray which falls upon the eye at O in the direction A O, and alſo by a ray! _ 


Vilual angle. 
Big. 343+ 346. 


l 


of the lenſes be convex, the focal diſtances of ſuch lenſes muſt be 


BS.. 5#34*5 $42.3, 4. . J 115 EY | f Men 34111 ien 
2859. The perpendicular II A Or PL. would alſo be increaſed by in- 
caſing the angle g Oc, but this being impoſſible without increaſing BS, 

7 | 4 | it. 


& 59 bo ade ank e e er 25 200 
ſo on continually; as the ſalution of che problem ditects. Now if auy 


upon as negatiue, fince they.lye the. contrary way to thoſe of concave 


lenſes, when the incident rays come the fame. way 3 both ſorts: there - 


fore DR Ins Coſy, odd number of, convex lenſes at the 
DOINTS- OL GLVION,. MUIT DE looked upon AS-REZATLVE. e 
"The determination of the apparent magnitude is evident by Art. 141. 
And that of the apparent ſituation by the latter part of Art. 139. 

257. Compleat the rectangle LPyx and join Ax meeting O A. in /; 
and the line Ip, drawn, perpendicular to the axis of the glaſſes, will be. 
the laſt image of the object LP. Becauſe, the ſame point L. is ſeen by a 


whicki falls upon the eye ar & in the. direction . 4, and: therefore, the 
point I where theſe directions croſs one another is the focus of theemer-- 
gent rays. Now ſince the triangles Ap, Aux and alſo Op, OI A are 
equiangular, we have Ap to A as (p to æ or IIA, or a8), Op to OI, 
or as Op Ap or 0.4 to O == A, according as p falls without or 
within the line OA, and conſequently according as O and A lye the 
ſame or contrary. ways from O and A. And the order of the poins 4; p, w- 
is the ſame as the order of the points A, I, A, or of the points. O, I, A, or 
of the points O, p, II. 42 4 983 19927 IG 63 bly 

258. Let O. cut the perpendiculars AIR in r, r in d, Ain A, and 
compleat the rectangles BH, Cydt, PAL; then by the ee 
chat the angle g O is the leaſt of the angles, which any one of the per- 
pendiculars AR, ge, y ſubtends at O, it follows that Ar is leſs than AR; 
and y leſs than yr, or Ct leſs than CT. But joining 1. gt, fL, theſe 
lines will be deſcribed by a ray paſſing from O to L. Becauſe the lines 
Or, Gre; Orb, Or are the ſeveral apparent diſtances of the points 7, 6, 


4, L ſeen in one common direction Or. But in the conſtruction Bo was 
taken equal to BS; and ſuppoſing the viſual angle g Oò to be increaſed. 


never ſo little, the equal perpendiculars ge, Bs would al ſo be increaſed : 
and then Bs. would become bigger than BS, and conſequently. the 
outmoſt. ray LI, would be ſtopt at's, for want of a larger aperture than. 
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UA 2 AMT NUMBER o LENSES; „ 
it is plain that P Lis the ſemidiameter of the greateR area that can be ſeen 
at one view from O through all the given apertures 4 
260. And fo it is manifeſt that th 
at B, which appears through the intermediate glaſſes, under a leſſer an- mited 
gle g Oc, than any other aperture would appear under, if the reſt of the | 
apertures were ſufficiently inlarged for the purpoſe of ſeeing it. 


inlightened by the pencil that flows from P. Let Plat N be a ray of that pig; 4 
pencil, cutting 1 Ct in t; and ſuppoſing the glaſſes were a 
removed, let an unrefi ray P MN cut the line Ct in M. Then the 
quantity of refracted rays which fall upon the line NO, is to the quanti- 
ty of unrefracted rays which would fall upon it, as the angle C Pt to the 
angle CPM, that is as the apparent magnitude of the line NO, ſeen from 
P, to the true. And therefore by turning the figure round about the axis 
OP, the quantity of refracted rays which fill the pupil, is to the quan- 
tity of unrefracted rays which would fill it (as the apparent magnitude of 
any ſurface at O ſeen from P, tothe true; or as the apparent magnitude 
of any ſurface at P ſeen from O to the true :; and conſequently) as'the a Art. 262. 
— magnitude of the leaſt ſurface 4 — point P, to the true; 
t is as the picture of the point P formed upon the retina by thoſe re- 

fracted rays, to its — formed by the unrefracted rays. Theſe pi- 
ctures of the point P are therefore equally bright and cauſe the appear- 
ance of P to be equally bright in both cafes. Now let the pupil be lar- Pig 348 

er than the greateſt area inlightened at O by the pencil chat — 

and ſuppoſing a ſmaller pupil equal to this area; we have ſhewi that 
the pictures of P upon the retina made by refracted and unrefracted rays 
would be equally bright; and conſequently each of them would be leſs 
bright than when the larger pupil is filled with unrefracted rays, in the 
fame proportion as the ſmaller pupil, or area inlightened by the refract- 
ed rays, is leſs than the larger pupil, inlightened by unrefracted rays. 
Hitherto I have ſuppoſed the picture of the point P to be diſtinct upon 
the retina, or proportionable to the angle which meaſures the apparent 
magnitude of P; let us now ſuppoſe it to be confuſed and the concluſion 
will nor be altered. For the confuſed picture of P diffuſes an equal por- 
tion of its own light upon every point 89 from its center,) quite 
round its diſtin& bounds, and receives from every point as many ſuch 
portions of their lights, which came from other points of the object. 
262. Corol. 1. While the glaſſes are fixt, if the eye and object be ſup- 
poſed to change places, the apparent diſtance, magnitude and ſituation 
of the object will be the ſame as before. For the interval O P being the 
fame, and being divided by the fame glaſſes into the fame parts, will 
give the ſame theorem for the apparent diſtance as before *; namely PO b Art. 248. 
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26. If O Kbe not leſs than ON, the area of the pupil will be totally bs bright- | 
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Fig. 347» 448. 


x Art: 263. 


yew as bright as to the naked eye; but never brighter, even though all 
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263. Corol. 2. When an object PL is ſeen through any number of 
glaſſes, the breadth of the principal pencil where it falls on the eye at O, 
is to its breadth at 32 8 C, as che apparent diſtance of the ob- 
ject, to its real diſtance from the object-glaſs; and conſequently in Teleſ- 


copes, as the true magnitude of the object, to the apparent; that is OK is 


to Ct as Ol to PC. For let K drawon parallel to the axis OP, cut Ps 
produced in x, and compleat the rectangle x KON, then PQ is the appa- 
rent diſtance of an object OK ſeen from P through all the glaſſes; · and 
the triangles PO, Pt being equiangular, we have OK or Qx to C-: 
as PQ to PC, or as OERto P by the foregoing corollary. 5 
264. Corol. 3. When the rays flowing from P through all the glaſſes, 
fall perpendicularly upon a fixt plane at O, their denſity will be uniform 
in every part of the inlightened area. For ſuppoſing all the incident rays 
to be tranſmitted, their quantity in the areas at C and at O will be the 
ſame; and this quantity being unifermly denſe in the area at. C, is as this 


area, or as the area at O (the ratio of theſe areas being in variable) and 


conſequently is uniformly denſe in the area at O. And whatever part of 
the light may not be tranſmitted to the area at O; yet equal portions of it 
will be reflected back from equal portions of any of the ſurfaces of the glaſſes 
very nearly; (becauſe all the rays fall almoſt perpendicularly upon eve- 
ry ſurface; ] and conſequently equal partions of the rays will be inter- 
cepted from falling upon yous! portions of the area at 0. 
265. Corol. 4. This uniform Negele the refracted rays in tie area 
at O, is to the uniform denfity of unrefracted rays, which would fall upon 
it, if the glaſſes were removed and which come from the ſame point P, 
as the apparent magnitude of the point P, or of any ſurſace at P, to the 
true; ſuppoſing all the n tranſmitted. This will appear from the 
firſt part of the 2641 article, _ el beth ir Bel of aut 15 
266. Corel. g. If the quantity of incident light, in paſſing through the 
glaſſes, be diminiſhed. in no greater a proportion than that of the greateſt 
aperture of the pupil to the given aperture ON, and the inlightened area 
be not leſs. than the greateſt aperture; the pupil will dilate it ſelf till it 
receives the ſame quantity of light as in viſion with the naked eye. But 
when the inlightened area is leſs than the given aperture of the pupil, 
the natural brightneſs of the object will appear diminiſhed in the glaſſes, 
in a ratio compounded of the ratio of the aperture of the pupil, to the 
inlightened area, and af the quantity of incident light ta. the quantity 
of emergent light. | | s 
267. Corol. 6. It is evident that an object ſeen through glaſſes may ap- 


- 


incident light be tranſmitted through the glaſſes. * 


2 
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268, Corel. 7. The glaſſes and object being foxr, the apparent bright- Fig. 3445 


neſs of the point P, ſeen by refracted rays, is invariable wherever the 
eye is placed, while the pupil is filled with rays that,come from thav 
point; but where it is not filled, the apparent brightneſs-varies directly 
in a duplicate ratio of, Op, the diſtance of the pupil from the laſt image 
of P. For the denſity of the rays, and the apparent magnitude of the 
point P, and ee yr the magnitude of its picture upon the retina, 
do all vary recipr 
the pup! does not vary and is filled with rays, the quantity that enters it 
is as the area of the picture of P upon the retina; whole brightneſs is 
therefore invariable : but where the. pupil. is not filled. with. rays, the 
quantity that enters the pupil is invariable, while the area of the picture 
varies reciprocally in a duplicate ratio of Op, and conſequently while its 


brightneſs varies directly in the duplicate ratio of Op. And this is ſo what- 


ever part of the incident light be ſtopt by the glaſſes. | 
269. Corol. 8. When the object is ſo remote that the diſtances OP, 


AP, BP, CP, may be conſidered as equal to one another, then the ap- 


. . OA OB OC OAB OAC 
- . a 


b c ab ae 
OBC OABC ; ; 
— — — —, 
be abc 


ly in a cry TP ratio of Xt . Conſequently while a Art. 
e 


78. 
106. 


270. Cordl. 9. Hence when O and h are conjugate focuſes of a pencil Fig. 344 


of rays refracted through any number of lenſes A, B, C, the ratio of the 
angles AOr,.Cht,. made by the incident and emergent parts of any ray 
OC. 


with-the axis of the glaſſes, is the ſame as of 1 to 1 —+ REES . 


An. 1 b c 
= + += For this latter ratio is the ſame as 
che ratio of OP to Oll by cor. 8; that is of the apparent magnitude of a. 
remote object ſeen from O, to its true magnitude ſeen from O or h̊ by the 
naked eye, or as the angle at O to the angle at h. | 45 50 
271. Corol. 10. Hence if O be the focus of incident rays, the focus of 


the emergent rays from the laſt. glaſs C, may be found by taking Ch to 
e OBC 0 991 ' VE 
QypePaEnt === "IF as Itol 8 — — n 


: 65 f 
OAB OAC OBC __ OABC k 
3 * +. 2 2 5 7 ne. and by placing Ch contrary to the courſe. 


ab J 
of the rays if the ſecond and third terms of this proportion have like ſigns, 
_ otherwiſe according to their courſe. For compleating the rectangle y Ct h, 


Cb is to Oy as the angle yObtothe angle Chr b, that is in the ratio above- b Art. 60 


mentioned, by cor. 9, * 3 
272. Corol, 1 1. When the focal diſtances of the glaſſes, and the diſtans 
ces of the glaſſes from one another and from the object are ſuck tliat F 
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fe Tr CP — | ACP BCP . ABCP * 


5 pencil will Fall upon - eye To KEE. OE 153 and then the apparent 


diſtance ON will be equal to Aw = AP . += or 


be 
e BCP 
A into 1 r And this apparent diſtance being 


invariable, the apparent magnitude, ſituation, and degree of diſtinctneſe 
and brightneſs will alſo be invariable wherever the eye is placed. For 
the rays flowing from L will fall parallel upon the eye when O/ and A/, 
or OA and AA are parallel; and conſequently when ON A, or on 


Arr. Now by putting OA= o in the value of ON =OP —+ 


GAP OBP OCP OABP OACP OBCP OABCP 
— — —+ + —+ 


** 6 * ac be | abc 


2 we have A x 


. 24A +> LE ; which being taken from ON, there 


a (Ar OP into 1 —+ + 


AP CP ABP 420 16. 
remains Ow = A@ =1 —+— +> —+ CAESAR 
a - a By. 
ABCP B» © cp © BCP ABP 


2s which gives — @ into AA hi uu AP 


+ acts S 
273. Corol. 12. Hence when the object is ſo remote, hs the diſtan- 
ces OP, AP, BP, CP may be conſidered as equal to one another, the 


rays which fall parallel upon the firſt glaſs will emerge E Soi the the 


71 
ab be 
+= =0; and on go —_— n diſtance on- 


er- imo-—+ * -+ 
20. And conſequently in two concave lenſes A, B, hm 


- Jaſt, if the glaſſes be ſo, diſpoſed that — — +> 2242422 


Ge 


* 


eee to — ; in three concave lenſes 4, 
B, Cas—— to > += —+ 7 | 1 and i or concave eaſes AB C D, as 


. lk 1 B BD CD 
* SO ER * „ 4 42 77 5 + == 2. The unit is rejected 


in theſe deductions from cor. 11. as being incanfiderable i in N 
to the diſtance of the object. 

274. Corel. 13. Since the eye, the glaſſes and o laced in a 
given order, their intervals OA, AB, BG &c. muſt conkd * 24 


9 and ſince every — +> — — 
8 


enk . ANY NUMEERN OF EENSES 9 
3 3 4 ä p | =_ | 
— = += — 2 2 o, for placing three glaſſes A, B, C, as. 
abovementioned, 1s affirmative; the ſum of the terms cannot be nothing, 
and conſequently the rays cannot fall upon the eye in parallel lines, un- 
leſs ſome one of the focal diſtances be negative, or ſome one of the glaſſes: 
be convex. Now in a Teleſcope ſuppoſed to conſiſt of two concave. len- 


les 4, B, we have — +> —+= So, or AB == I which ſhews: 
that 4B the interval of the two glaſſes, muſt be equal to the ſum or dif- 
ference of their focal diſtances, according as both are convex, or one con- 


vex and the other concave. In the firſt caſe we have OP to onto r 349, 3309 


— - or as 5 to a, by cor. 12, where the negative value of Ol ſhews that 

the object will appear inverted.?, In the ſecond caſe we have OP to: ONT a Art.-2505- + 

286 to a, which that the object will appear upright. 5 
275. Corol. 14. For placing three concave glaes as above, we 
e e 40 _ BC ABC 8 | 

had TY * * og Metres Wafoouts wine _— Ie, or b + GEL DR © Art. 273. 


ac 
24 82 — © 3-4 R — 5 . 
AB—+ AB—+BC x- : >= <0 b, or FB-+a +6b,c + AB—+a,b 


＋ ABA , BC , or AB +a +6, BC+e + AB +a, & 

So. Let all the glaſſes be convex then AB— a—b1S to AB — @ as b to pig. 35. 
BC=c; by which proportion either of the intervals AB, BC will. be 

given when the other is aſſumed as moſt convenient. We had OP to 


Ollas = to BC -S * where if BC be affirmative or bigger than » are; 273. 


þ —+ the object will a upright b. Put BC -e , or BC=26 þ an--250.. 
Ae, and the object will appear upright and magnified in the ratio of 
OP to Off or of e to a, whatever be the length of 5. To determine the 

other interval AB, we found AB -A- to AB—aasb to BC—c or 

26 by the aſſumption; conſequently 2 AB— 2a —2b= AB=—a, and 

AB'= a—+ 26. Hence if we put b = a, then AB = ; a, ind BC = 24 

276. Corol. 15. But for the rays of a pencil to emerge parallel to one: 

another from any number of glaſſes, it is only neceſſary that their laſt fo-- 

cus ſhould coincide with the principal focus of the laſt glaſs; as is evident: 

by e the emergent rays to return backwards in the fame parallel. 


lines. Therefo „ e 
if any Fig. 352, 333“ 


ore all the intervals of the glaſſes but che. laſt may 
as ſhall be found moſt convenient for other purpoſes. And t 
point O be the focus of incident rays their ſucceſſive focuſes 7, g, Þ, f, 
&c. after their refractions at A, B, C, D, &c. may be eaſily found by theſe 
lese fan OA, „g; c. „ae,. 
EE 


1 


| hs 


120 ar AAA THROUGH, 0% 
Tc. taking due care to obſerve the figns of FA, g B, hC, &c. and to 
place them forwards or according to the courſe of the rays when ne- 
gative, and backwards when affirmative. For example in a Teleſcope 

conſiſting of four convex glaſſes, ſuppoſing rays to come parallel upon 
the eye-glaſs A, the line AO muſt be made infinite and conſequently 
Far-. Hence g B =5— x —b, which being made infinite, 
chat the rays may go parallel between the glaſſes A, B, gives= a —+ AB 
—b=o or AB= a —+ b. Hence whatever be the interval BC, we have 
Cg c, and conſequently iD === x =, which being made 
infinite, that the rays may emerge parallel, gives =c ＋ CD- Ar or 
CD =c + d. Now when the four glaſſes were concaves the ratio f the 
apparent magnitude to the true, or of O to ON, was —2 0 2 — - —+ 


i BC ee des bed 27 — 
e — +57? &—-—tDC+d e, CB +6 
—+ DC-+ 4, c ; by a like reduction to that in cor. 14; or in four convex 


glaſſes, as — to DC c, CB=b —+ DC- d, d; or becauſe 


CD=c A d. as— to- cc, orasdbtoca; or putting ba, as d to 


e, whatever be the focal diſtance of the equal glaſſes 4, B. And the affir- 
mative value of Ol ſhews that the object will appear upright*. - _ 

277. Corol. 16. In a microſcope compoſed of two convex Aand 
B, if the object PL be 8 at g to be found as before, the rays will 
return to the eye in parallel lines; and then, by cor. 11. the apparent di- 
ſtance ON = ax 1 —=7x6 EP —3 x Pb, taking Bb= 6. 
And ſo the apparent magnitude is to the true, or O Pro ON, as OP to = 


- Pb, that is in a ratio compounded of þ to a and of OP to Ph: andthe 


negative value of Ol ſhews that the object will appear inverted. 

278. Corel. 17. Hence again when the object is remote, as in a teleſ- 
255 the apparent magnitude is to the true as & tog ; becauſe the ratio 

OP to Pb becomes a ratioof equality. eng 

279. Corol. 18. Since the area of an . is the common baſe 
of all the pencils that flow from the ſeveral points of an object, whether 
near or remote; the middle ray of every _— will paſs ſtraight through 
the middle point of this glaſs. This middle point may therefore be confi- 
dered as the tocus from whence the middle rays flow upon the ſubſequent 
glaſs or glaſſes; and conſequently if theſe rays emerge from the laſt glaſs 
Lonverging to a focus, and the pupil of the eye be placed at this ous 


— 
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will receive all the middle rays though it were contracted to a point and Fig. 35 
when it is more open it will alſo receive as many collateral rays of every 358. 
pencil as its aperture can admit, and ſometimes the whole pencils. The 
viſible area of the object will therefore be the greateſt when the eye is at 

this focus; for in moving the pupil either way from this focus, till ic 
comes to a ou in the pencil of middle rays, where its ſection is as large 

as the pupil, the outmoſt of theſe rays will begin to be excluded from 

the pupil; and then the viable area of the object begins to be contracted, 

And in like manner if the middle rays ſhall emerge diverging from a focus 
placed beyond the eye-glaſs, the outmoſt of them will be gradually exclud- 

ed from the pupil while ir recedes from that focus or from the eye-glaſs; 

and conſequently: the viſible area will be greateft in this caſe when the 
pupil is cloſe to the eyeglaſs, Now this focus O of emergent rays, when. 

the center of the object-glaſs is the focus of the incident rays, may be 

Found ſeveral ways. By art. 271, if B be the focus of incident rays and 


the glaſs & be cancave, 40 ;; and if Cbe the focus of inei- 


5 3 
and ſo on; and if any of the glaſſes be convex the ſigns of their focal diſtan- 
ces muſt be changed. For example in Ga/ilev's teleſcope where the glaſs Pig. 355. 


Ais concave and AB=b—8, we have AO= 4 —_— where à being 
bigger than ©, AO is affirmative and conſequently lyes the contrary 
way from A to the courſe of the rays*, which therefore emerge from A An. 27% _ 


diverging from O; and ſo the viſible area will be the greateſt when the 
eye is put cloſe to the glaſs A. In the aftronomical teleſcope AO = = rig. 356. 


4 _— by making the line @ negative upon account of the convex eye- 

glaſs. Here the-point O lyes on the outſide of the teleſcope a little far- 

ther from the eye-glaſs than its principal focus, the ſmall overplus _ | 

being to @ as à to 6, In the teleſcope conſiſting of two convex eye-glaſles ſo Fig. 557. 

placed that AB'= a-+2band BC =26b-+c*, and conſequently AC ga + b Art. 275+ 

46 —+ c; by ſubſtituting theſe values inthe rule above, we have A0 = e 

4 — = — =; or when b , AO == 22 _ Here the place of the eye 

is not much farther from A than twice its focal diſtance. | = 
280. Corol. 19. The laſt image pl is to the object PL, as Op, the diſtance Fig. 345 + . 

of the image from the eye, to ON, the apparent diſtance of the ob) 

For the triangles pl O, Ii O are ſimilar, and II A is equal to PL, 
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281. Imagine a pencil of rays after ſeveral ſucceſſive reflections and 
refractions at ſeveral ſurfaces, to belong to ſeveral ſucceſſive focuſes, as in 
teleſcopes; then if any part of this pencil be ſtopt by an obſtaele of any 
hape and in any place, the other part that is not ſtopt will belong to the 
fame ſucceſſive focuſes as the whole did before. Conſequently when ſe- 
veral ſucceſſive images are formed by the ſucceſſive focuſes of ſeveral 
| pencils, their places, ſhapes and magnitudes will continue the ſame, at- 
ter any parts of thoſe-pencils are ſtopt, as they were before. Therefore 
to determine the ents and images formed by ſuch partial pencils, we 
may juſtly argue upon any lines of a pencil along which rays might paſs, 
as if they really did paſs, or as if theſe lines had the properties of rays; 
and all the concluſions will be the ſame in both caſes, excepting thoſe 
concerning apparent brightneſs. | e © 4-4 
5 PRO POSITION TE 


282. Having the focal diſtances and apertures of. any number of reflet- 
ing. ſurfaces, either concave or convex, placed at any diſtances from each 
ether and from the eye and object; it isrequired 7 the apparent diſtance, 
magnitude, ſituation, degree of diftin#neſs and brightneſs of the object ſcen 
by rays ſucceſſively reflected from all the ſurfaces ; together with the greateſt 
angle of vision and vifible area of the object, and the particular ſurface 
Thoſe aperture limits them both. 5 
283. Let the object PL be ſeen by rays, which in returning back 
from the eye at O to the object at P, are ſucceſſively reflected from the 
ſpherical ſurfaces A, B, C, whoſe focal diſtances are the lines a, ö, c and 
common Axis is the line OABCP. Take a line ON = OA + AB + 
OA. AFFBTACE OA+AB, BC+CP OA—+AB+BC,CP 
BC —+ CP -+ _ — — — — 


; 2 b N 3 
— 2 I 9 BCP Ta ner; el 
the terms that are e to the focal diſtances of any odd number of 
concave ſurfaces be ed upon as negative, otherwiſe as affirmative; 
and the line ON will be the apparent diſtance of the object. 53 
284. And its apparent magnitude will be to the true as OP to OIN. And 
if the value of Of] be affirmative the object will appear upright, other- 
wiſe inverted. A a . =; ©" 
285. When OT] is affirmative place it before the eye, otherwiſe behind 
it; then let the eye be removed from O to A, that its diſtance from the next 
ſurface may vaniſh; and here let A be the apparent diſtance of the ob- 
ject PE to be found and placed as above directed; then let Ap be to A 
pH as. 


CHAP. 5. NUMBER OF REFLECTERS, 123 
as AO to the difference of ON and A if they both lye the ſame way 
from O and 4, otherwiſe to their ſum; and let the order of the points 
A, p, v be the fame as of the points O, p, II; and from the fituation of 
this point p a judgment may be formed of the degree of diſtinctneſs with 
which the object will 2 For the rays flowing from the point P, 
will be diſpoſed, after all the reflections, to fall upon the eye tending 
from the point g, when it is before the eye, or towards the point p, when 
it is behind the eye. | 


- 286. Let the lines AR, BS, CT be the ſemidiameters of the given a- Viſual angle 
pertures of the ſurfaces A. B, C, and let OS be the apparent diſtance of Fis. 360. 


the line BS ſeen by reflection from the glaſs A, and Oy the apparent di- 
ſtance of the line CT ſeen by reflections from the glaſſes B and 4, to be 
found as above; erect the | Xa — Bo equal to BS, and yTequal ta 
| CT; and then the leaſt of the angles which any one of the perpendicu- 
lars AR, go, yr ſubtends at O, will be half the greateſt angle of viſion. . 


287. Let this viſual angle be g O, and let Os produced cut a per- Vikble ares. _ 


pendicular to the axis at Ii in A, and PL taken equal to II A will be the 
ſemidiameter of the greateſt area of the object that can be ſeen at one view 
by the eye at O: and therefore IIA the ſemidiameter of this viſible area, 
will be to g or BS, the ſemidiameter of the aperture which limits it, 
as ON the apparent diſtance of that area, to Op the apparent diſtance of 


that aperture. 
288. 


And by the ſuppoſition that g Oo is the leaſt of all the angles ſub- whe 
tended at O by the given lines AR, Bo, yr, it will appear that B is the mited. 


glaſs whoſe aperture confines the viſion. 


289. The determination of the apparent brightneſs of the point P is Ap. bright- 
alſo the ſame as in the foregoing propoſition, and may be deſcribed in nels. , , 


this other manner. If another eye at P can fee the hole pupil of the eye 
at O or more by reflection from the ſame glaſſes, the point P will appear 
as bright to the eye at O as if the glaſſes were removed but if the eye at 
P can ſee but a part of the pupil at O, the point P will appear leſs bright 
to the eye at O, than before, in the ſame proportion as the viſible part of 
the pupil is leſs than the whole; ſuppoſing no part of the incident rays to 
be intercepted or loſt by the reflections, or but an inſenſible one. Now 
the viſible area of the eye at O ſeen from the point P may be determined 
as above. ä 


290. The demonſtration of chis propoſition is juſt the ſame as that of pig, 36175362 


the foregoing propoſition, only by changing the words concave lenſes 
for convex ſurfaces; and refractions for reflections; and by referring to 
the 207th article inſtead of the 239th; and if the intervals OA, AB, BC, 
CP, taken according to the courſe of the rays, be joined together in one 
continued line OABCP, it appears by inſpection of the theorem for the 
apparent diſtance, that its expreſſion by the parts of this continued line 

will 


* 


Bg. 363. 


na; rs what the ap 


\ 
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wilt be the very fame as that of the theorem for lenſes; namely ON OP 

or OBP oc OABP OACP OBCP OABCP ,... 
ge wt pane > ou ate Gro The 
: | a ac 


abe 


«a | Cc C . 
corollaries in the former propoſition concerning apparent brightneſs are 


alfo applicable to this prope ition. 1 
29 1. Corol. 1. If any of the reflecting ſurfaces be planes, they may be 
conſidered as portions of ſpherical ſurfaces whoſe diameters and focal di- 
ſtances are infinite; and then the terms in the value of the apparent di- 
tance, which are applyed to theſe infinite focal diſtances, will vaniſh. 
Thus if the ſurface B be a reflecting plane, then ON=OA —+ AB + BC 
OA, AE:BCAECP OA—+ABBC,CP - OA, N, cy | 

—CP—+ — — — — - And 


if the ſurfaces A,B and Cbe all planes, ON=O4—+ AB —+ BC —+ CP; 


which is the ſum of all the lines deſcribed by the reciprocab motion of the 


neareſt ray to the axis, in in between che eye and object. | 
292. Corol. 2. When rays in flowing from the eye, fall ſeveral times up- 
on an object PL MN, after ſeveral reflections from two ſurfaces A, B, the 


object will appear at as many ſeveral diftances. As if the furfaces A v _ 


de both convex, then after one reflection at A, Ol OA + AP + — 3 


and after two refleQions at & and B, ON = 0.4 AB -+ BP —+ 


O4. DP OAT AB, BP OABP | 
—— , and after three reflections at A, B 
a « . a 


| | a A OA, AB+BA+AP . 
and A, Only = OA -+ AB —+ BA + AP ooo ers 
O Ib, EIS — . AP 8 OAB, NL OL, 41H A 

a | | 2 


3a 5 R | | aa 


— es z and ſo on. And by the foregoing corollary 


Fre 

| 5 46a 
parent diſtances will be when one or both the re- 

flecting ſurfaces are planes. And it is eaſy to be underſtood that one fide 
of the object will be ſeen after every odd number of reflections, and its op- 


poſite ſide after every even number. 


293. Corol. 3. By this and the foregoing propoſition it is alſo evident 


chat all the appearances of an object will be determinable by the ſame ge- 


neral rules, when ſeen by rays which in ſome places of their paſſage are 
reflected from ſurfaces of any ſort, and in others are refracted through 
lenſes of any ſort. That is if any of the lines a, þ or c be the focal diſtance 


ef a concave or convex lens placed at 4, B or Cinſtead of a convex or con- 


cave ſurface, the general theorem for the apparent diſtance and every thing 


elſe will continue the ſame as before; excepting the ſubſequent courſe. of 
the rays. The following corollaries are evident by the demonſtrations of 
the like corollaries in the farſt propoſitio . 7 94s 


79 


ena, NUMBERR OF REPULECTERS ry" - 

294. 8 * _ ſurfaces are fixt if the eye and object be ſup- 
ſed to change places, the apparent diſtance, magnitude and ſituation. 

Bf che object will be the ſame as before. . 

295. Corol. 5. When the diſtances of the object from the eye and the 

ſurfaces are incomparably greater than their diſtances from one another, 

N on 2 OP into 1 _ 2 O4+4B+BC OAB 


—_ — — — — — 
i — 4 3 c , ah 
OA, AB + BC OA-+AB, BC” OABC 


ac be abc . 22 | 
296. Corol. 6. When O and hare conjugate focuſes of a pencil of rays pig 367. 
fucceſſively reflected from any number of ſpherical ſurfaces A, B, C, the a 
ratio of the angles AGr, Cht, which any ray makes with the common 
axis of the ſurfaces before the firſt and after the laſt reflection, is the ſame 


" OA -OA+A4B OA + AB + BC OAB OA. AB+BC 
as Of * t fo pomp oh —_— — — —þ a—Ü— a 


bo | c ab ac 
OA+A4AB, BC OABC - 8 
— — 


LY 


be abc 3 | | | | WE, 
297. Corol. 7. Having O the focus of incident rays to find þ their con- 
Jugate focus after reflections from any number of ſpherical ſurfaces A, 


B, C; take Ch to OA -+ AB + BC + 224323 — 


ge OY 
= »( the apparent diſtance of the laſt ſurface C.) as 1 to 1 —+ — — 


OA + AB A OA+AB+BC OAB. OA, AB . . O4. BC OA4BC 


— — —— — U— 


n n a ac | be abe 
and obſerving the rule in the propofition for the fign of every line, place 
Ch from C contrary to the courſe of the rays reflected from C, if the ſe- 
cond and third terms of the eee have like ſigns, otherwiſe accord- 
ing to that courſe, and þ will be the conjugate focus ro o. 5 
298. Corel. 8. Hence if the reflecting ſurfaces A, B, C be all planes, Ch 
=O A—+ AB -+ BC, and lyes contrary to the courſe of the rays re- 
flected from C. Ws 
229. Corol. 9, When the object and the ſurfaces A, B, C are placed at 
ſuch diſtances from one another, that the rays in any pencil ſhall fall up- 
on the eye in parallel lines, then the apparent diſtance O II- a into 1 
'BCACP CP Der 43 | AB, BCATP 
my + + 0 FAB BU CD > nn + 
£ — 2 2 +=. And this apparent diſtance. and conſequently the 
rent magnitude, fituation, diſtinctneſs and brightneſs of the object 


"ht 


be invariable wherever the eye is placed, 


300 


4 


* 
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300. Coral. 10. When the rays of a pencil fall upon the eye in paral- 
lel lines, the object and ſurfaces A, B, C are placed at ſuch intervals that 

AB+BC+CP BC+CP CP AB, BEXTP ' ABSFC,CP Ber 
— — ——— —— . 


_ A . 3 2 c ab «© ac * 
| + Do; and conſequenily when the object is remote, the ſurfa- 
_ . Ces are placed at ſuch intervals that — +> —+ = —+ 4 = 
BC ABC | * 
3 and on the contrary. \ 


30 1. Corol. 11. Ina teleſcope ſuppoſed to conſiſt of two convex ſurfa- 
ces A and B, the apparent magnitude of the object, is to the true, or OP 


is to Ollas —5 to 7 and in a teleſcope conſiſting of three ſuch ſurfaces 
A B. c. OP is to ON as —— to += +53 and in four ſuch ſur: 
| ;t MC es 


faces . B. C. P, On is to OP as —= to 5 + +7, + 5- += 
£9 2400 - - 8 5 | ö 
= — +——; and fo on. | 
ed bed a 


Fig. 36,365. 302. Corol. 12. In the figures for reflecting teleſcopes, let the points 2, 

b, e be the principal focuſes of the reſpective given ſurfaces A, B, C; and 
when. the rays in any one pencil are parallel before the firſt and after the 
laſt reflections at A and C, the points a, c muſt be conjugate focuſes with 
reſpect to the intermediate n of the ſame rays at the ſurface B. 
Therefore if the interval AB and conſequently the interval 2b be aſſumed 
as moſt convenient, ſay as ba to b B ſobB to bc and the pointe will be 
determined and conſequently the point C, and alſo the interval B C. Now 


if all the ſurfaces be concaves, the apparent magnitude is to the true, as 
I I BC 


Art. 301. - dot Mrs _—— or as—to BC—b -c or bc the interval of 
the focuſes 4 and c; that is in a ratio compounded of c to à and of 6 to 

. the interval 4c; which being affirmative ſhews that the object will ap- 

b Art. 285, pear upright *. But if the ſurface B be convex and only A and C be con- 


a Art. 207. 


caves, the apparent magnitude will be to the true as - to = — . 


or as = to e- 5 BCor-—bc, the interval of the focuſes i and cz that 
is in a ratio compounded of c to à and of 5 to bc, the interval of & and 


= c; which being negative ſhews that the object will appear inverted. And 
if the interval 4c, or the ratio of * to the interval bc, be aſſumed at firſt, 


then the places of A and @ will be determined by making. c, 6B, ba con- 
diuual proportionals. 


0 
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80 far in theory, which is reduced to practice by making the focal di- 
= tance and the breadth of the ſurface g very ſmall, that it may not inter- 
— cept too many rays, in their paſſage from the object to the large concave 
; 81 and by INRA moderate hole in the middle of this-concave at C for 
the rays to paſs through after reffection from B; and by ſubſtituting a 
convex lens in the place of the concave ſurface at A, fo that the ſpectator 
may look towards the object. For ſuppoſing this lens to have the ſame 
focal diſtance as the concave ſurface at 4, the apparent diſtance, magni- 
tade, ſituation, diſtinctneſs and brightneſs of the object will continue the 
ſame as before. „ Hh 
303. Corol. 13. Hence if the ſpherical ſurface at B be changed into a 
plane by increaſing its ſemidiameter and focal diſtance 6b B to infinity, the 
ratio of þ B-ro-thie interval 5c will become a ratio of equality; and then 
the apparent magnitude will be to the true as c to.@ by the foregoing, co- 
rollary. Now when this ratio of Cc to Aa is very great, the common fe- pig 366. 
cus 4. can come but a very little way within the concave Ct, though the 
 oye-glaſs were placed in the hole at C; therefore Ba and Be being now. 

equal, or Be being half of ca muſt be, near half of c C; and conſequent- 

ly the breadth of the plane Bs muſt be near half the breadth of the con- 

cave Ct, to receive the whole pencil reflected from Ct; and then it 

would alſo intercept near half the incident rays that come from the ob- 
je. But if the plane Bs be turned obliquely, to reflect the rays ſide ways Fig. 367. 
to the >_> A, its diſtance from c and conſequently its breadth may 
be dimini at pleaſure without altering the apparent magnitude; 

which the plane neither increaſes nor diminiſhes. For putting & infinite 

in cor. g. CPor OP is to O Il as c to a. F ne SL ONO 

© 304. Corol. 14. When the rays that flow from a near object PL, go in pig. 368. 
parallel lines to the eye after two reflections at the concave ſurfaces Band 
A, or after one reflection at Banda refraction through a convex lens at 
A whoſe focal diſtance is — a, the apparent diſtance of the object from 


the eye at any point O is ax 1 — * or — Por —- Pb which 


cr. 


being negative ſhews that the object appears inverted. Hence the appa- b ar. 284. 


rent magnitude is to the true, or the true diſtanoe to the apparent, as OP 
to 7 Pb, or in a ratio compounded of b to a and of OP to Pb. In theſe 


reflecting microſcopes the object PL being very ſmall can intercept but 
very few rays in their paſſage from B to A. 26} 

305. Carol. 15. Hence again when the object is remote as in a reflecting 
teleſcope, conſiſting of one large concave and a convex eye-glaſs, the 
apparent magnitude of the object is to the true as & to a, becauſe the ra- 
tio of OP ta Pb becomes a ratio of equality, and becauſe the reflecting 
plane does not alter the apparent magnitude. 5 
* Y 2 * | SY 30 #* * 


* 


Aft. 23. 


* Art. 299. 
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A Art. 23% 


306. Corol. 16. The place of the eye in reflecting teleſcopes, where 
the middle rays of each pencil interſe& one another, may be found by 
making Ba, BA, BO continual proportionals , becauſe the reflecting 
furface B correſponds with what I have ſaid of the object- glaſs of a re- 
fracting teleſcope, in the 279th article as appears by inſpection of the 
484th figure. | AS | ES 
; PRrorosITION III. 


Having the focal diſtances and apertures of any number of ſpberi- 
1 which intercede any given mediums, and are 2 any 


apparent diſtance, magnitude, ſituation, degree of diſtinctneſi and brigbi- 


f — from each other and from the eye and object; it is 7 to find 


Ap. di 
Fig. 369, 370- 


neſs of an .objett ſeen through all the mediums : together with the greateſt an- 
5 e viſion vi ſible area of the object, and the particular aperture which 
mats t th. | | . 
og. Let PL be an object viewed by the eye at O through any num- 
133 ſpherical ſurfaces val at A, 5 C, 41 centers a, &, - are all 
in the line OP, and whoſe focal diſtances of rays that fall parallel on 
their ſides next the eye are the lines a, 6, c. At firſt let us ſuppoſe the ſe- 
midiameters Aa, Bb, Cc to lye all the ſame way from their ſurfaces; and 
to be all ſeparate from one another and from the eye and object; and that 
the medium adjoining to the concave fide of every ſurface, israrer or leſs 
refractive than the medium adjoining to its 2 ſide; then take 2 
Oa, AP Ob, BP O, C a, Ab, BP Oa, Ac, C 
EET of woe nth eye wt renee» cs = —_— 


' Ob, Be, 0, 45, 50 CP 


—_— — " , and it will be the apparent diſtance of the 


In all other caſes the lines OP, AP, BP, CP muſt ſtill remain affir- 
mative in this value of ON, but any one of the lines Oa, Ob, Oc will be ne- 
gative if it lyes behind the eye: ſecondly any one of the lines Ab, Ac, Bc, 
will be negative if it tends towards the eye from the ſurface that termi- 
nates it: thirdly any one of the focal diſtances will be negative, if the or- 
der of the denſities of the mediums remaining as in the firſt caſe, the ſe- 
anidiameter of the ſurface to which it belongs be ſituated on the other ſide 
of its ſurface; or if, the poſition of the ſemidiameter remaining as at 
Arſt, the denſities of the adjoining mediums be tranſpoſed to contrary 
Hides of that ſurface. The fign of every line involved in the foregoing va- 
que of OT being thus determined, the ſign of every term of it which in- 


* wolves any odd number of negative lines muſt be looked _ as negative, 


otherwiſe: as affirmative; then will OI, or the ſum of all the terms ac- 
Kording to their figns, be the apparent diſtance of the object. | 


Ne | _ 


\ 1 
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og. And the apparent magnitude of the object will be to its true mag. Ap. magri- 17 
R #26 67: ie 1 | | 751 tude. _ I: 
10. And if the value of Ol be affirmative the object will appear up- Ap. fitution. 

right, otherwiſe inverted. 1 | _— 
311. When Ol is affirmative place it before the eye, otherwiſe behind Ap. din. 
it. Then imagine the eye to be removed from O to a, that its diſtance nes. 
from the center of the next ſurface may vaniſh; and here let a M be the | 
—— diftance of the object, to be found and placed by the ſame Fs, 5 
rules that ON was; then let ap be to aw as 40 to the difference of Ol 
and a , if they lye the ſame way from O and A, otherwiſe to their ſum; 
and let the order of the points a, p, wy be the ſame as the order of the points | 
O, p, I; and from the ſituation of this point pa judgment may be form- ( 
ed of the degree of diſtinctneſs with which the object will appear. Be- 
cauſe p is the place of the laſt image of the object. = 5 

312, The determinations of the viſual angle and viſible area and of the Viſual angle | 
aperture which limits them, are the ſame as in the propoſition for lenſes . 3nd is. | 

313. Since the magnitude of the fab is ſubject to be varied by va- a, * ; 
rious degrees of light, let NO be its ſemidiameter, when the object PL, net. 
is viewed by the naked eye from the diſtance OP; and upon a plane that el 
touches the eye at O, let OK be the ſemidiameter of the greateſt area vi- 1 
ſible to another eye at P through all the apertures, to be found as PL was; þ 
or which is — thing, ſer O be the ſemidiameter of the greateſt i 
area inlightened by a pencil of rays flowing from P through all the aper- ( 
tures; and when this area is not lefs than the area of the pupil, theappa- 27 
rent brightneſs of the point P ſeen by the refracted rays, will be to irs | 
apparent brightneſs ſeen through an uniform medium by unrefracted | 
rays, in a ratio compounded of the apparent magnitude, to the true mag- i 
nitude of any ſurface at O ſeen from P, and of the true magnitude, to 
the apparent, of any ſurface at P ſeen from O: but if the inlightengd area 
at O beleſs than the area of the pupil, the apparent brightneſs of P ſeen 
by the re fracted rays, will be to its apparentbrightneſs ſcen by the unre- 
fracted rays, in a ratio compounded of the two former ratios, and of this 
inlightened area, to the area of the pupil. This would be the proportion 
of the apparent brightneſs if all the rays were tranſmitted through the 
mediums, or if only an inſenſible part of them was ſtopt by reflections at 
the ſurfaces and by the opacity of the matter. th <\ anil 5 Pers 

DEMONSTRATION. 

314. The firſt part of the demonſtration of the firſt of theſe propoli- ay. gigance. 
tions? gives ON 204 * * £2 * — : . By which theorem . 
ON will be given ſo ſoon as #4, gB, YC can be found. Theſe may be 
W R found 


* 
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found by the 238th article. For ſuppoſing any line AB to be the focal 
diſtance of the ſurface A when the rays fall parallel on its fide next the 
object, we have O to Og a OA to Of, anddigointlyOB to aBas OA to 
bl #4; therefore fince we ſuppoſed the line à to be theother focaldiſtance of 


| . 224 this ſurface and canſequently to be equal to aB*, we have A= A 


: 
LS 

| 

— 


02 24 


B= bc- Whence it ; eaſy to colleR, that if the 


32 _  ftanceOP=OB ; thar if the eye at O views an objeR ar C 


* 
9 5 


through two ſurfaces at A, B, its apparent diſtance o G 


2 20 _, 2% 4 If, that if theeye at O views an objet PL, through 


4 ab | 
ehree ſurfaces at A. B, C, its apparent diſtance ON = OP -+ 8 mY 


a 
16, BP" OgCP o 4b, BP | Os, e Ob e o All Bac 
„ 


— — 


a . 
4 * 1 4 


b . | ac sir abc 
I be rules given for determining the figns of every line in this theorem 
in all other caſes, will — obſerving that the points O, A, B, C, 
P are fixt in order and pofition in all caſes; that the figures of the ſurfa- 
ces and the poſition of their centers may be changed from thoſe in the 
firſt caſe'to ſuch as are propoſed in any other, by increaſing their ſemi- 
diarneters Aa, Bb, Cc till they become infinite, and then negative if need 
be ; that any of their focal diſtances will become infinite and then nega- 
tive, either when the ſemidiameter of its ſurface becomes infinite and 
| then negative, or elſe when the denfity of one of the contiguous mediums. 
| Ts is gradually altered till it equals the other, and ſtill more till it differs 
3 | from che other the contrary way; and laftly that during theſe gradual al- 
ecrations any line will become negative after it has been nothing or infi- 
nite any odd number of times, in paſſing from its ſtate in the firſt caſe 
to the ſtate propoſed in any other. a | | it 
The determination of the apparent magnitude is evident by art. 1413; 

and that of the apparent ſituation by the latter part of art. 139. 

Ap. diſtind- 315. Compleat the rectangle LP wa and join a meeting O A in /, 
Fg 35. and the line y drawn perpendicular ta the axis of the ſurfaces will be the 
8 laſt image of the object LP. Becauſe the ſame point L is ſeen by a ray 
. which falls upon the eye at O in the direction A/O, and alſo by a ray 
which falls upon the eye at à in the direction xa; and therefore the 
point J, where the lines OA, ax croſs one another, is the focus of the 
emergent rays, Now fince the triangles a pl, aw a, and alſoQp/,0NAare 
equiangular, we have ap to as ( tog or Il A, or as) Oy to Ol, or as 


Op 


en Ar. . Au YT Mun AN OF MEDTD MS. 431 
Op D458 or Oa to OI S a, according as 5 falls without or within 
the line Oa, and conſequently according as ON and a lye the ſame way 


or contrary ways from O and 2. And the order of the points a, p, w is the 
ſame as the or of che points 4, /, A, or of the points O, /, A or of the 


ayer O, 
| 6 HAR IF o K be not les thai ON; the area of the pupil will be ap. bright 
WE inlightened by the pencil that flows from P. Let Ptsr NM be a ray ves 


of that pencil cutting the ſurface Ct in t; and ſup uppoling g the refracting 
ſurfaces were all removed, ler an unrefratied ray PMN cut the line 2 
in M. Then the quantity of refracted light which falls upon the line N 05 
is to the quantity of unrefracted light which would fall upon it, as the 
angle C Pf to the angle CPM, that is as the apparent magnitude of the 
— to its true magnitude ſeen by an eye from P. And therefore by 
the, Sues ure round about the axis O P, the quantity of refracted 
light light which the pupil, . to the quantity of unrefracted light which 
— fill it, as the ap itude of any ſurface at O, to the true. 
Therefore ſince the real brig — s of any portion or phyſical point of the 
| Aa is directly as the — of light which falls upon it, and inverſe- 
14 as its oven magnitude; the apparent brightneſs, of the point P ſeen by 
refracted rays, is to its = rags. brightnefs ſeen by the unrefracted 
rays in a ratio compounded t magnitude, to the true mag- 
nirude, of any *furkice at O ſeen from P, OF add of the true magnitude, to 
the apparent, of any ſurface at P ſeen from O. Now if O K be leſs than 
ON, then by fuppoſing a leffer pupil whoſe ſemidiameter is OK, we have 
ſhewn that the a parent brightgeſs of P ſeen by refracted rays paſting 
through this ſmall ler pupil, (which is the fame as He paſſed throug 
the larger, ) is to its apparent brightneſs ſeen by unteffa 8d rays paſſing 
through it, » the given ratio nded of thoſe abovementioned; 
and this latter = mes rok of P ſeen by untefracted rays paſſing 
— — pupil, is to its apparent brightneſs ſcen alfo by unte- 
fracted rays — through the larger, in the ratio of the fmaller pupil 
to he larger which ratio being compounded. with rhe former gives the 


ny — Xx. When he object is . "AP, 


Fig. 347, 348. 


CP may be conſidered 24 equa} eee then an. 2 ve 


Oc — eee — O 8, Ac 


diſtance Of OP into 1. — 2 ES FIR ONE: 2 
2 0. 2 Be ; 


— 9 


41. Coral: 2. _ D. 
Fee through any number. antes 


1 = 
: * 
5 1 NED of * wv = 
13:3 1424 eine, 143K 2 39 ff 47 VI 25 4 


- 
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the angles 407, Cht, made by the incident and emergent par of any 
ray with the axis of the ſurfaces, is the ſame as of 1 to 1 ——＋＋. 
oo 03, 0, Ac , Ob, Be 0, Ab, Bc 


2 9 t . For this latter ratio is the 


| a Axt. 222. 


abe 


fame as the atio of O Pro ON, by the firſt corol,, that is of the apparent 
magnitude of a remote object ſeen from O, to its true magnitude ſeen from 


Oor b by the naked eye, or as the angle at © to the angle at b. 


319. Corol. 3. Hence if O be the focus of incident rays, the focus þ of 
the emergent rays from the laſt ſurface C, may be found by taking Eh to 


Oa, 4C O3, BC Oa, Ab,BC Oa Ob Oe 


7 <a why o eng” PIR - 
— 2 7 — — —— — Ae 175 2 and by placing Ch contrary to 
the courſe ef the rays if the ſecond and third terms of this e have 
like ſigns, otherwiſe according to their courſe. For compleating the rect- 
angle y Cid, Ch is to O as the angle 100 te the angle Ch., that is in 
the ratio abovementioned, by cor. 2. One ee dee 
320. Cerol. 4. When the diſtances of the ſurfaces and object from one 
another, and their focal diſtances a, &, c are ſuch, that 1 — = + = 
F 
pencil will fall upon the eye in parallel lines; and then the apparent di- 
ſtance ON will be equal to 6% oP —+ EE + EE op ee 
and this apparent diſtance. being, invariable, the apparent magnitude, ſi- 
tuation and degree. of diſtinctneſs and brightneſs will alſo, be invariable 
wherever the eye is placed, For the rays will fall parallel upon the eye 


- When the lines OA, 4A are paralleh and:conſequently when OH = d or 


ON —aw= 0,, and the value of g is fund by making O vaniſh in tho 
general value of ON... by fla £11 19% 1.3 Habu J r! £07 21616203847 
321. Corel, 5. Hence when the object is. ſo remote that the diſtances 
AP, BP, CP, may be conſidered as equal toone another, the rays which 
come paralRl upon the firſt ſurface will emerge parallel from the laſt, if 
the ſurfaces: be ſo diſpoſed: that ——+ ——+— ++ — 4. — 21 _ 


AID ED, r ee 
sz and on the contrary: and then ON(os-am) =O Pinto 1 —+ _—_— 


— 8 For example let AB be the axis of a ſolid medium, as of glaſs, 
and Fbe the common focus of rays that come parallel upon one af its ſurfa- 
ces and go parallel from the other; and when the ſurface Ais concave and 


3 convex, by changing the ſign of þ (becauſe the order of the denſities __ 


LS 
— 


en ANY MuM of MES ves. nt 
the-adjoining mediums is changed) the former of theſe equations gives 
= =7 — 7 =9 whence b =a —+ Ab = FA-+ Ab= F6; and the lat- 


ter equation gives O P;O0 ::b:b—ab ;: N: Fb - ab or Fa:;bB: a4 An 224. - 
: FB: FA, And when the ſurface A is convex theſame proportion comes Fig. 374: © 


out by changing the ſign of a. Thus teleſcopes might be made of one con- 
tinued ſolid; but to magnify much they muſt. be made pretty long, and 
conſequently but few rays could be tranſmitted through lo great a length 
of glaſs; as is found by experience. . L 


322. Carol. 6. Let a F be the focal diſtance of aſphere whoſe center is Fig. 375. 


a or b and diameter AB, and the object PL will appear through it at the 


diſtance ON = OP— S if the ſphere be denſer than the ambient me- 


dium, or at the diſtance O ll oP —— = if it be rarer: and theſe ex- 


preſſions are the ſame as in a lens of no thickneſs. . For in the general vas * An. 208. 


lue of ON OP ENT aq — 2 N, inſtead of az &, Ob, 


| a * a 
Ab, put = 4, — b, Oa, Aa, reſpectivelyb; and ih the denſer ſphere we b Art. 308: 


have ON OP- EZ 022 OP- O 


ob a 
DLE Irre. — 
T. O P- O -O 
OP=04x—== 0P— becauſe aF. 4 4, as is caly to colle@t 
from the 227th article or from cor. 3. And in the rarer ſphere the ſign of 
aF muſt be changed. . vi CANE by ; 


— 


323. Corol. 7. Let an object PL be viewed by the eye at O through any Fig 344; 


number of given mediums diſtinguiſhed from one another by parallel 
planes Ar, Bs, Ct; and when a ray goes from the eye to the object let the 
. fine of incidence be to the fine of refraction at the plane Ar as ꝗ to r, at 

the plane Bs as 7 to.s, at the plane Ct ass tot; then take a line Ol 


OA—+= AB + —-BC—-= CP; and che object will appear at the ſame 


diſtance, of the ſaine magnitude, in the ſame ſituation and with the ſame 

degree of diſtinctneſs and brightneſs through all the mediums as it would 

do when viewed in one uniform medium Kom the diſtance ll. 
This may be gathered from the general theorem for ON, when varied 

a little by introducing the ſemidiameters of the ſurfaces inſtead of their 

focal diſtances, whoſe relation is given by the 224th article, and then by 

a ſemidiameters infinite ; but more readily as follows. By art. 

223. we. have A: O4::q:r; gB: fA AB:: 71:5; bC:gB + 


| 1 | "SAS 2 p Fe _ 8 554 
Ir Hence fA= C 04; gB= A 04+; 
AB; 


7 4 * fo $i" * 
renden 0 


» W :. 5 


n 
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„ APERAATIONS 09/2479, 00k 
AB; „= N + AB + - BC. But OH 


| ada? 
A _ 6 BC 
DAL A= 1 = OA». 1 + Ht — 2 


= 314- as before. Whbenes & ivcafy to called, that if the eye at O views an ob- 
h Jetat B chrough one plane Ar, its apparent diſtance OP=OA — = 
AB; that if the eye at O views an object * C through two planes 47, 

Bs, itsapparent diſtance Oy = OA — AB —+ —BC; that if the exe 

at O views an object at P through three panes Af, 855 Ct, its apparent | 

diſtance ON = O -AB —+ -BC-+ CPs and ſo on. To find the 


place of che laſt i image, * "Fs , then 2 —— —AB Bc CP; 


by which it appears that Il A and , and conſequently the laſt i image 1 
do all movin in place and magnitude ; which makes this corol ia 
ry very evident, «> poling as to the brightneſs that no rays are re- 
Home from the © 7 4b and that all the mediums are equally tran- 
PRA, 


CHAPTER VI. 


To determine the aberrations of rays, from the geometrical 7 
- cauſed by their unequal refrangibility, and alſo by the 
 Jphericalneſs of the Hure of reſlecting and n fore 


Aer 
F 


T the common ine of incidence be to the fine reftattion © 
” angible 257 as1 te R, and to the We refrattion * 


the mo e. rays as I to S; and the diameter of t Lk bi . 
ace imo which beterogeneal parallel rays can be collected, by a ſpherical 
Jurface or by a plano-convex lens, will be ts the diameter of its aperture, in 
Ide conſlant ratio gf S—R to $+R=—21. 
Fig. 376. e encal ray PA fall a ſpherical ſurface AC, and 
let it be ſepara refraction into pays At, tte ang tting the axis 
Bequal to 


EC, drown art PA. in Fand f. Take the arch CAand 
terogeneal ray P, coming parallel to PA be refracted in- 
to the lines BF, B Bf, cutting the two former rays in R and 5. RS 
and produce ir till ic meets the incident rays ced in I and &, and 
R urface N 


uW 


* 


WELL 


— —imW = 


—— Se nm eo 


">? — 
wy 


— — er rr — 3 - 
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in Hand L. And when AB, the breadth of the aperture or of the pen- 

eil, is but moderate, and conſequently the refractions at A, B but ſmall, 
the angles of incidence and refraction, HAT, HAR, HAS, or the arches 

that meaſure them, or their perpendicular ſubtenſes HI. HR, HS, will 

be to each other very nearly in the ſame given ratios as thoſe of the fines 
JRS of thoſe angles. And disjointly 4 differences of thoſe ſubtenſes a Art. 204. 
will be proportionable to the differences of theſe fines: tha is, the line _ 
RS; RI::S—R:R=L and doubling the conſequents, RS: 2 RI or IK 
RS:: S- R: a R- 213; and conjointly RS: IK or AB:: S R: 
— R= 21. From this given ratio of RS to AB in which they increaſe 
or decreaſe together, it appears that all-the intermediate rays which fall 
ppon AB will paſs through RS. And when parallel rays FAT perpendi- 
cularly upon the plane fide of a plano-convex — they are refracted on- 

ly at thei ce from its convex ſurface; and ſo the aberrations are 

ſame in both caſes. Q, E. D. N | 4516 
325. Cerol. 1. Hence the diameter RS, of the circle of aberrations that 
contains all the incident rays, is a 55th part of the diameter AB of the 
pre of a plano-convex glaſs, whatever be its focal diſtance, For 
ſuppoBng AR and AS to be the outmoſt red and indigo rays, their fines , 
incidence and refractions J, R. S arg to each other as 50, 77, 780. b A. 175. 

Whence S— Riis to & + R- 2 Jas pro'gs. KENNY en 
326. Carol. 2. The diameter of the leaſt circle that can receive the rays 

of any ſingle colour or of ſeveral contiguous colours. is alſo determinable 

from the proportions of their fines. Thus all the orange and yellow is con- 
tained in a circle whoſe breadth is the 260th part of the breadth of the 
aperture of the plano-convex glaſs; the ſines of the outermoſt orange 
AR and yellow AS being to the common fine of incidence as 774 and 3 
777 to 50. Wee 0 p 7 

1 27. Corol. 3. In different ſurfaces, or plano-convex glaſſes, the angles 

of aberration RAS are as the breadths of the apertures AB directly and 
as the focal diſtances CFinverſely; becauſe any angle, as RAS, is as its 
ſubtenſe RS directly and as its radius ARor CF inverſel : 


— — - ——— 


- . 


4 


* LEM MA. | 

328. The verſed fines AB, AC of very ſmallatches BD, CD, of un- Fig. 377-378 
equal circles B. DG, CD, that have the ſame right ſine AD, are reci- | 
procally # 67.277" to their diameters BG, CH very nearly; that is. 
AB: AC:: CH: BG. , | 

For ſince the rectangles under BAG and CAH are each equal to the 
ſquare of I Da, and conſequently to each other; their ſides are recipro- d Euc. VI. 13. 
cally proportionable e, that is AB is to AC as AH to AG or as CHto e Bve. VI. 44. 
BG very nearly, when the verſed fines are incomparably leſs than the 
diameters themſelves, QE. D. N a a 


f Art, 203. 
PROPO- | 


© Big. 379: 


| | PROTOSITIoN II. Is 
329. When omogeneal parallel rays NA, EC fall upon a ſpherical ſur- 
Face AC whoſe center is E. the longitudinal raf of =_— 


Fratted ray A T. from F the focus of the pencil, is to the verſed fine of the 
- arch AC intercepted Leek the L incidence and the fork ECF, in 


rhe given ratitfof the ſquare of the fine of refrattion, to the rettangle under 
the fine of incidence and the difference A the fines very nearly ; and the ab- 
erration is the ſame when the rays fall perpendicularly upon the plane fide 
of a plano-convex lens. 11 eee e 
For when the refraction is made in the paſſage of a ray NA from a 


_ denſer to a rarer medium, it appears by the deſcription of a cauſtick in 


Art. 225. 


A Art. 224. 


p Art. 328. 
«© Art. 204. 


4 Euc. VI. 13. 
e Art. 224. 


the 74th article, that the interſection T of the refracted ray AT with the 
axis ECF, lyesbetween the refracting furface and its focus F. With the 
center T and ſemidiameter TA having deſcribed the arch AD cutting the 
axis in D, draw the fine APof the arches AC, AD, and alſo EN and 
E. M the fines of incidence and refraction, for which put n and m; then 
becauſe the triangles ET M, AT P are ſimilar, it will be as ET:TAor 


27D: : EM: AP or EN: ) EF: FC*; anddigointly TF: EF: (FC — 
T D or) TF -CD: FC; and alternately TF: TF- CD:: EF: FC; 


and disjointly TF: CD :: (EF: EC: jn: m. Again ſince (PD: 


C:: CE: DT* or FC, and conjointly) CD: CP:: (EF: FC::)m: 


; by compounding this and the foregoing proportion, it will be as TF 
:CP::mm:m—n,n. Q. E. D. | | 
330. Corel. 1. The ſegment ACB PA may be conſidered as a plano- 
convex lens ; and when rays fall parallel upon its plane fide, the longitu- 
dinal aberration of the extream ray falling upon A is equal to of us 
thickneſs PC, as appears by putting 3 and 2 for m and 7 reſpectively. 

331. Corol. 2. Alſo this aberration FT = == X e === 

m — , - m—143 

fP3 | — 4P> — m— % 


332. Corol. 3. Let the refracted ray AT G produced, cut the ling FG, 


perpendicular to the axis, in G, and the lateral aberration FG =— x 
. ; 


; | * . # * ö 1 N 
333. Corol. 4. When the ſemidiameter of the convexity or the focal 
alten ce is given, the longitudinal aberrations are as the ſquares, and the 


lateral aberrations as the cubes, of the linear apertures of a plano-canvex 


* 


1 , | 
PRoro- 


E 


CHAP. 6 FROM THEIR FOCUS. „ 


PRO PYOSITION III. 


34. When parallel rays QA, EC are reflected from a ſpherical con- fig. 38e. 
25 1 CB whoſe e E whoſe Lon ACB is but ſmall, the 7 
longitudinal aberration T F of the extream ray AT from the geometrical 
Major F, ts equal to half the verſed fine CP of the ſemiaperture A C very 
nearly. 
In fig. 379. imagine EM, the fine of refraction to be diminiſhed to no- 
thing and then to become negative and equal to EN the line of incidence, 
and the refraction of the ray to be changed to reflection as in fig. 380; 
and by the former propoſition it will be as TF: CP: : mm: = u, n 
: ½¹n¹: - 22 :: 1 2. 
But the particular proof is this. By the laſt lemma the verſed fine CP pig. 380. 
nearly equals Z the verſed fine PD of the arch AD whoſe center is 7 
and ſemidiameter TA or TE or + the ſemidiameter of the arch AC very a Art. 205. 
nearly. But 2TF =2TE -2EF=ED—EC=CD exactly or CP 
nearly. Therefore TF = CP nearly. | y 
335. Corol. 1. We had 2 TF CD exactly; which is the exceſs of 
the ſecant ED of the arch A C above its radius EA. For joyning AD the 
angle DAE in the ſemicircle DAE is a right one. 


| 336. Corol. 2. The longitudinal aberration TF = For CP = 
= nearly . | b Euc. VI. 13. 


337. Corol. 3. The lateral aberration FG = = . For FG: FT 
T AP: PTor 2 CEnearly. | 
338. Corol. 4. When the diameter of the concave, or its focal diſtance, 


is given, the longitudinal aberrations are as the ſquares and the lateral ones 
as the cubes of the diameters of the apertures. 


PRoPoSITIlON IV. 


339. When parallel rays of any one ſort are 8 by a plano-convex 
e, or when Yays 0 N e are reflected by a ſpherical concave, 
the diameter of each circle of aberrations cauſed by the ſphericalneſs of the 
fegures, is equal to I the lateral aberration of the extream ray in each; and 
therefore is given by the former propoſitions. | 

Let a Vr be any refracted or refletedray cutting the axis E CT inr, and pig. 381,382. 
the extream ray ATG, that comes from the contrary fide of the axis, in 
N. Draw Tx perpendicular to the axis, and ſuppoſing the line AT G im- 
moveable, as the point of incidence « moves from the vertex C, the per- 
pendicular X T will firſt increaſe, becauſe the angle CT continually in- 

| | 8 


creaſes, 


.a Euc. VE 18. 


138 ABERKTKATIONS OFT RAYS BOOK '2; 
creaſes, and afterwards will decreaſe, becauſe the line Tr continually de- 
creaſes; and when XY'is the greateſt, it is evident that all the rays, inci- 
dent upon the ſame ſide of the axis as it ſelf, will paſs through it. To find 
its greateſt quantity, let the incident ray ga cut the chord APBin g, and 
ſuppoſing the variable aperture Pg v, the variable TX x and the gi- 
ven lines PA= a, PT =f, TF=6b; by corr. 4. prop. 2 and 3, the aberra- 
tion Fx is to the aberration FT (Y) as S or Pp? (vv) to P4* (aa). 


Wherefore Fr a b and thence F- Fr Tr - X ag — vv. A- 


gain PT CHAT AC: XT , allo (ver PT OH 


X (A) ; Xx ==. Hence again Tr, or Xx XT = * 


—X 4a —vv found before; or — X T=FY = —X@-Fuxa>o. Whence 


1 vVXa—v, and therefore x or TX is the greateſt poſſible when 


the rectangle v x a - v, or PBR X g B is greateſt, that is when its ſides P, 
BB are equal, or when v = a. Subſtitute this value for v in the laſt 
equation and it gives the greateſt value of x = + þ or the greateſt TX 
TF, and therefore the greateſt XY'= FG, becauſe TX: XY::TF:. 
FG, and this XY turned about the axis PX deſcribes the circle of aberra- 
tions through which all the rays falling upon AB will juſt paſs. Q. E. D. 


PRO POSITION V. 


340. The circle of aberrations cauſed by the ſphericalneſs of the figure 
of the objett-glaſs of a teleſcope, compared with the circle of aberrations cauſed 


| by the unequal refrangibility of rays, is altogether inconfiderable. . 


Newt” Opt. 


b Art. 224. 


For if the object- glaſs be plano- convex and the plane fide be turned ta- 
wards the object, and the diameter of a ſphere whereof this glaſs is a 
ſegment be called D, and the ſemidiameter of the aperture of the glaſs 
be called S, and the ſine of incidence out of glaſs into air be to the ſine 
of refraction as 2 tom; the rays which come parallel to the axis of the 
glaſs ſhall in the place where the image of the object is moſt diſtinaly 


made, be ſcattered all over alittle circle whoſe diameter is = 55 . 


ry nearly, if they were all equally refrangible by article 3 39 and 332. As 
for inſtance if the fine of incidence 7 be to the fine of refraction m as 20 
to 31, and if D, the diameter of the ſphere to which the convex ſide of the 
glaſs is ground, be 100 foot or 1200 inches, and conſequently the teleſ- 
cope about 100 foot long?, and S the ſemidiameter of the aperture be 2 


inches; the diameter of this circle of aberrations, thats 25 x 25, will 
5 


nr. 6 FROM THEIR roc. 139 
31 x 31x 8 961 


or parts of an inch. But the diameter of the 


20 X 20 X I2.00 X 1200 
little circle through which theſe rays are ſcattered by unequal refrangibi- 
lity, will be about the 55th part of the breadth of the aperture of the ob- 
ject-glaſs a, which is here 4 inches. And therefore the aberration ariſing 
from the ſpherical figure of che glaſs, is to the aberration ariſing from 
the different refrangibility, As — — 4 chat isas 1 to 54493 and there- 
fore being in compariſon ſo very little, deſerves not to be conſidered in the 
theory of teleſcopes. If we ſuppoſe the little circle of aberrations ariſing 


from unequal refrangibulity, to be 250 times narrower than the citcu- 
lar aperture of the object- glaſs, it would contain all the orange and yellow, 


and would permit the other fainter and darker colours to 'paſs by it“, b Art. 325. 


which perhaps may ſcarce affect the ſenſe; yet even in this caſe the aberration 
cauſed by the ſpherical figure, would be to the aberration cauſed by the * 

11 961 4 
unequal refrangibility, in a 100 foot teleſcope, but — 0 — 0 6- 
ly as 1 to 1200, which ſufficiently proves the propoſition. Q., E. D. 

341. Corol. 1. If the focal diſtances and apertures of a reflecting con- 
cave and a plano-convex glaſs be both the ſame, the diameter of the circle 
of aberrations, cauſed by their figures, will be above 3o times leſs in the 
reflecter than in the refracter. For theſe diameters are 2272 and N 


AP3 wal . , mm 31* 31 
== by art. 339, 337 and 332; which are as 4 to ==" n 


Hence if the length of each teleſcope be 100 foot, the lateral aberrations 
in the reflecter would be 30 & 5449 or 163470 times leſs than the lateral 
aberrations cauſed by unequal refrangibility in the refracter. 

342. Coral. 2. The number of pencils, ſome of whoſe rays are mixed 
together in every point of a confuſed. picture, is as the area of the circle 
of aberrations of the rays in any one pencil; and. conſequently the mix- 
ture of the rays of different pencils, cauſed by the ſphericalneſs of the fi- 
gure of an object-glaſs, if — were all alike refrangible, would be to 
their mixture cauſed by their unequal refrangibility, as 1 to 5449 K 5449 
2 in the preſent inſtance. For conceiving any point in the 
confuſed picture to be a center of a circle of aberrations, it is manifeſt 
that all other equal circles of aberrations, whoſe centers fall upon the 
firſt mentioned circle will cover its center; that is ſome rays of as man 
pencils will be mixed in this center as there are points in the circle it ſelf; 
or, which is the ſame thing, the number of pencils mixed in this center 
is as the area of the circle of aberrations. 


8 2 CH ar- 


N 
: 


a Art. 342. 


k Art. 91. 
c Art. 1 20. 


d Art. 222. 


2 Euc. XII. 2. 
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CuAPTTER VII. 


A refracting or reſflecting teleſcope being given, whoſe aper- 
ture and eye-plaſs are adjuſted by experience, to determine 
the length, aperture and eye-glaſs of another teleſcope, through 
which an object ſhall appear as bright and diſtinct as in the 

iven one, and magnified as much as ſhall be requircd. 


PROPOSITION I. 


IT all forts of teleſcopes and double microſcopes, the apparent indi- 
0 . Y a — object, is as tbe 8 a 7 of aberra- 
tions in the focus of the objett-glaſs directly, and as the ſquare of the focal 
diſtance of the eye-glaſs inverſely. | 
For in viſion with the naked eye or with glaſſes, the apparent indi- 
ſtinctneſs of a given object, is as the area of a circle of aberrations in its 
picture painted upon the retina. Becauſe any one ſenſible point of the re- 
tina, being the center of a circle of aberrations, will at once be affected 
by a mixture of the rays of as many diſtin& pencils, as there are ſenfible 
points in the area of that circle *; and ſo will at once convey to the mind 
a mixt or confuſed ſenſation of the ſame number of viſible points in the 
object, from whence thoſe pencils flowed ; and this number. of points is 
as the magnitude of the area of a circle of aberrations, whatever be the 
magnitude of a ſenſible point of the retina. Now in viſion with teleſcopes, 
the diameter of a circle of aberrations in the picture upon the retina, is 
as the apparent magnitude of the diameter of the correſponding circle of 
aberrations in the common focus of the glaſſes b, that is as the angle ſub- 
rended by this diameter at the center of the eye-glaſs ; that is as the dia- 
meter it ſelf directly, and the focal diftance of the eye-glaſs inverſely d. 
And fo the area of that circle of aberrations upon the retina, is as the area 
of the correſponding circle of aberrations in the focus of the object- glaſs 
directly, and as the ſquare of the focal diſtance of the eye- glaſs inverſely. 
344. Corol. In all ſorts of teleſcopes and double microſcopes a given 


object appears equally diſtin, when the focal diſtances of the eye-glafles 


are as the diameters of the circles of aberrations in che focus of the object- 


_ glaſſes. | 


345. The alteration in the confuſion which may ariſe from aberrations 


cauſed by the eye-glaſſes, is not here regarded, as being inconſiderable. 


We only conſider the confuſion of thoſe points in the image which lye 
very near the axis of the teleſcope, as of the point q in fig. 18 1. Now if 
this point was perfectly diſtin the rays going from it would emerge * 
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che eye glaſs in parallel lines without ſenſible error; becauſe the breadth 
of this cylinder of rays is —— compared to the breadth of the 
cye-glaſs,, being in proportion to the breadth of the aperture of the object 
glaſs as their focal diſtances; and the refractions at ſo ſmall. a diſtance- 
from the axis are ſufficiently true and. regular. It is the largeneſs-of the 
aperture of the object- glaſs and of its focal diſtance, which cauſes the irre- 
gularity in its refractions. Add to this that the differently refrangible rays. 

cannot be ſeparated: ſenſibly in going ſo ſhort a diſtanee as between the 
eye-glaſsand the eye. Beſides this we find by experience that objects and 
images diſtinct in themſelves, appear ſufficiently diſtinct through very 
ſmall eye- glaſſes when their apertures are ſmall. This remark will be de- 
monſtrated more diſtinctly in the 11th chapter, where the ſame ſubject.js 
handled: more fully.. - 


PRoPOSITION II. 


346. In refracting teleſcopes the apparent indiſti yy of a given ob- 
jet, is direttly as the area of the aperture of the objett-glaſs, and inverſely 
as the ſquare of the focal diſtanceof the eye-glaſs. 
This appears from prop. 1, becauſe the area of the circle of aberrations | 
at the focus of the object-glaſs is as the area of its aperture; and becauſe a Art. 32 
the aberrations ariſing from the eye-glaſs*,. and. from the ſphericalneſs-of b Art. 345+ * | 
the figure of them both are inconfiderable<. c Art. 340. N 
347. Corol. In refracting teleſcopes a given object appears equally di- ö 
| 
| 


ſtinct, when the diameters of the apertures of their object- glaſſes, are as 
the focal diſtances of their eye-glaſſes. 2 


1 PrRoPoOSITIoON III. DN 

348. In all forts of teleſcopes and double microſcopes the apparent bright-- . | 
re given 47757 as the ſquare of their Fake — directly and as f | 
the ſquare of their linear amphfications inverſely. 

For if the ſquares of the linear amplifications, that is if the areas of the | 
pictures upon the retina were the ſame, their brightneſs would be as the 
quantities of light coming through the areas of the apertures, that is as | 
the ſquares of the linear apertures; and if the apertures or quantities of 
light were the ſame, the brightneſs of the pictures would be as their areas 
inverſely or as the ſquares of the linear amplifications inverſely. There- 
fore when neither the apertures nor the amplifications are the ſame, the 
brightneſs is as the ſquare of the linear apertures directly, and as the ſquare 
of the linear amplifications inverſely. Q. E. D. 

349. Coral. 1. Hence in refracting and reflecting teleſcopes a given ob- 
ject ap equally bright, when their linear apertures are as their linear 
amplifications, that is as the focal diſtances of the object- glaſſes directly 
and as the focal diſtances of the eye-glaſſes inverſely. 

1 . TY 359% 
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350. Corol. 2. If the breadth of the aperture of a given object- glaſs and 
the focal diſtance of the eye-glaſs be each increaſed in any given ratio, the 
a Art. 347. diſtinctneſs will remain the ſame as before; and the linear amplification 
b Art. 120. will be diminiſhed in the ſame ratio“; but the apparent brightneſs will 
be increaſed in a ratio quadruplicate of the former ratio by this propo- 
| ſition; and on the contrary. | | 
Dioptr. p. 215. 351. Huygens obſerves that the ſame degrees of diſtinctneſs here demon- 
ſtrated do not exactly agree with experience, as he found by looking at the 
Fame object through different teleſcopes, or through the ſame teleſcope 
with different apertures; and that through the larger aperture the object 
appeared not quite fo diſt inct as through the ſmaller, He found alſo that 
an viewing objects of different brightneſs through the fame aperture, the 
apparent indiſtinctneſs of the brighter object was a little grearer than that 
of the duller: and therefore the aperture adjuſted for the duller planets 

may be ſome what larger chan for the brighter. 


PRO FPHOSGIT ION IV. 


352. In ere ng —_— the apparent indiſtinfineſs of a given object 
is as the fixth power of the diameter of the aperture of the objett- metal di- 
rectiy, and as the fourth power of its focal diſtance inverſely, and alſo as 
the ſquare of the focal diſtance of the eye-glaſs inverſely. 

For the area of a circle of aberations in the focus of the object- metal 
is as the fixth power of its linear aperture directly and as the fourth power 

a Art. 339- of its focal diſtance inverſely * ; and therefore the apparent indiſtinctneſs 

337- of the object, is as the ſixth power of the linear aperture directly, as the 
fourth power of the focal diſtance of the object- metal inverſely, and as the 

b Art. 343- ſquare of the focal diſtance of the eye-glaſs inverſely *. Q. E. D. 

353. Corol. In reflecting teleſcopes a given object appears equally di- 
ſtinct when the cubes of the linear apertures of the object- metals, are as 
the ſolids whoſe baſes are the ſquares of the focal diſtances of the object- 
metals, and heights are the focal diſtances of the eye-glaſſes: or when the 
focal diſtances of the eye-glaſſes are as the cubes of the linear apertures of 
the objet-merals, applyed to the ſquares of their focal diftances. 

PROPOSITION V. | | 

354. In refracting teleſcopes of various lengths a given object will 
pear _ Fibers 5 pans 40 net, when their linear apertures 2 
Focal diſtances of their eye-glaſſes are non in a ſubduplicate ratio of 
her lengths or focal diſtances of their objett-glaſſes : and then alſo their li- 
near ampliſications will be in a ſubduplicate ratio of their lengths. 8 

For to ſhew the object equally bright, the rectangle under the linear a- 
Perture and the focal diſtance of the eye-glaſs mult be as the * 
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the releſcope *, and to ſhew it equally diſtin& the linear aperture muſt be a Art. 349: 
as the focal diſtance of the eye-glaſs?; and therefore to perform both b Art. 347- 
things together, the ſquare of the linear aperture, and alſo the ſquare of 
the focal diſtance of the eye-glaſs, muſt be ſeverally (as the rectangle un- 
der each, or) as the length of the teleſcope; and conſequently the linear 
aperture, and alſo the focal diſtance of the eye-glaſs, as the ſquare root of 

at length. Now the linear amplification was as the linear aperture *, Art. 347: 
or by - pes as the ſquare root of the length of the teleſ- 
N 5. Hugens's ſtandard teleſcope 30 foot long, or 360 inches, bears an Diop. p. 210. 
aperture whoſe breadth is 3 inches, and an eye-glaſs whoſe focal diſtance 
is 3 inches and 3 tenths. From whence he has given us the following ta- 
ble of apertures and eye-glaſſes for other teleſcopes d, computed by the d Ar. 365. 
following rule. 

Multiply the number of feet in the focal diſtance of any propoſed ob- 
ject-glaſs hy 3000, and the ſquare root of the product will give the breadth 
of its aperture in hundredth parts of an inch. And the ſame breadth of 
the aperture, increaſed by a tenth part of it ſelf, gives the focal diſtance of 
the eye-glaſs in hundredth parts of an inch. And the magnifying powers: 
are as the breadths of the apertures. Bf 

For ſince the ſtandard teleſcope has 30 foot focal diſtance of its object - 
glaſs, put F for the number of feet in any other focal diſtance, and ſay by 
the propoſition as 7/30 to /F, ſo is the ſtandard aperture 3 inches, or 
zoo centeſimals or / 300 x 300, to the aperture ſought ; which there 
fore is / 3000 F in centeſimals of an inch. The focal diſtance of the eye- 
glaſs of the ſtandard teleſcope is 33- inches, that is a tenth part more than 
the breadth of the aperture of the obje&-glaſs ; conſequentlythe focal di- 
ſtance of the new eye-glaſs muſt be a tenth part more than the linear aper- 
ture of the new obje-glaſs, by the laſt propoſition. 

356, He alſo adds the following directions how to ſuit theſe teleſcopes pioptr p. 215. 
to all ſorts of objects ſeen either by day or by night. They are propor- 19 858 
tioned in the following table for aſtronomical obſervations, and therefore 
will require more light when uſed in the day time. For when the I is 
dazled with the brightneſs of the day, objects will appear through them 
but obſcure, which in the night are ſufficiently bright. Therefore (ſays 
Hugens) when I.uſed theſe teleſcopes to obſerve objects by day-light, by 
experience I found it requiſite to change the eye-glaſles for others whoſe 
focal diſtances were double the former. By this means the apparent bright- 
neſs became quadruple, becauſe the ſurfaces of the images in the bottom 
of the eye were diminiſhed in the ſame proportion e. For as the aperture e Art. 120. 
remains unaltered, ſo does the quantity of light, and therefore it illumi- x 
nates a leſſer ſpace ſo much the more. Now it the aperture was * 
| with- 
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without changing the eye-2laſs, the brightneſs would he increaſed too, 
but then the mitt ariſing from greater aberrations would alſo be greater; 
and therefore this remedy muſt not be uſed. | | 

357. But one may aſk this queſtion, ſince by ſubſtituting an eye-glaſs 
of a longer focal diſtance, the apparent indiſtinctneſs hitherto-examined 
is diminiſhed, why may not the aperture of the object-glaſs be ſo far in- 
creaſed, till the ſame degree of indiſt inctneſs returns again as belongs to a 
teleſcope regulated by the table ? For from hence more light is gained 
and the diſtinctneſs is not altered . The anſwer is this, which I hinted 
before, that the miſt ariſing from Newton's aberration, though the ſame 
in quantity, becomes more ſenſible in proportion to the brightneſs of the 
image. For the brightneſs of-the miſt increaſes at the ſame time. And we 
find by experience, that as ſoon as the apertures of thoſe day-light teleſ- 
copes are increaſed, the miſt ariſing from the aberrations of a brighter 
object begins to be troubleſome. The apertures therefore muſt not be al- 


358. Again one may aſk, if a teleſcope fitted for Saturn be applyed to 
the Moon, which is 100 times brighter (I mean in eachequal parts, though 
not in the whole, as being 10 times nearer to the Sun ;) one may aſk I ſay 
whether the breadth of the aperture and the focal diſtance of the eye- 
glaſs may not both be leſſened in the ſame proportion, to make the re- 
gions of the moon no brighter than thoſe of ſaturn, but much L grageer in 
appearance than before. For inſtance, in a 30 foot teleſcope, if 3 inches, 
the breadth of the aperture be reduced to / ,% of an inch, which is ſome- 
what leſs than (/ or) a third part of the former, and alſo the focal di- 
ſtance of the eye-glaſs be ſhortened in the ſame proportion; the propor- 
tion of the apparent brightneſs in theſe two teleſcopes, the object being 
the fame, would be quadruplicate of 3 to Vr that is as 100 to 1; and 
ſince the regions in the nioon are 100 times brighter in themſelves than 
thoſe in ſaturn, the moon would appear in the darker teleſcope juſt as 
bright as ſaturn did in the lighter. But the apparent indiſtinctneſs hither- 
to conſidered would alſo be the ſame in both 4, and the amplification of 
the moon would be greater than that of ſaturn in the ratio of 3 to / Pe, 
which is more than triple. So that this reduction of the aperture and eye- 
glaſs ſeems very advantageous; but in reality it is quite otherwiſe ; and 
that for two reaſons. Firit becauſe the minute ? aac of rhe moon may be 
better diſcerned when all the light remains in the teleſcope, than when it 
is reduced to an 100th part, though not in the ſame proportion. The o- 
ther reaſon is that when the aperture is too much contracted, the out-lines 
that circumſcribe the pictures in the eye become confuſed; which is care- 
fully to be minded, and alſo what are the limits of this confuſion. This 
is certain that as the aperture is contracted, the ſlender pencils or cylin- 
ders of rays, that emerge from the eye-glaſs into the eye, are alſo W 


OY 
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ed in the ſame 3 Now if the breadth of one of theſe pencils be 
leſs than 4 or 3 of a line, that is leſs than 2 or 5 part of an inch, the | 
out-lines of the pictures are ſpoiled, for ſome unknown reafon in the | | 
make of the eye, = „ choroid, or in the retina, or in the hu- 

mors it is uncertain. For by looking through an hole, in a thin plate, nar- 
rower than + or + of a line, the edges of objects begin to appear confuſed | | 
and ſo much the more as the hole is made narrower. Now it is eaſy to ſhew | 
inthe laſt mentioned teleſcope that the cylinder of rays is too ſlender. For : 
by adding g of the aperture to it ſelt?, the focal diſtance of the eye- A. 355- f 
glaſs becomes / 2; —+ 28 ben that is 25% r of an inch and by ſimi- | 
lar triangles ſubtended at the common focus q by the aperture and cylinder 
ſought *, it is as the focal diſtance of the object- glaſa, to the focal diſtance b Fig. 18. | 
of the eye-glaſs, ſo the breadth of the aperture, to the breadth of rhe.cy- ; 
linder; that is as 30 feet or 360 inches to 22 . 1 inches, ſo is VS; of. k 
an inch to 2235 inch or almoſt , of a line; which is much leſs than 3. 4 
But in the teleſcope regulated in the table, it is as 360 to 3 ſo 3 to % 
of an inch or almoſt |. of a line for the breadth of that cylinder; Which 
can 3 do no harm. Hence we learn that the breadth of the aperture 
and focal diſtance of the eye- glaſs cannot be contracted much more than 

3 of themſelves; for even then the breadth of the cylinder at the eye will 
not much exceed + of a line. The ſame is to be underſtood of teleſcopes | 
of all lengths r ulated as in the table, the breadth of the cylinder being 4 
the ſame in all. For by the proportion juſt mentioned it equals the breadth | 

of the aperture multiplied into the focal diſtance of the eye-glaſs and di- ; 
vided by the focal tiſtance of the object-glaſs, and conſequently it is 
proportionable to the linear aperture directly and the linear amplification 
inverſely; which two ratios muſt compound a ratio of equality to pre- | 
ſerve the ſame apparent brightneſs, by art. 349. 1 

359- Hence though we transferred one of theſe teleſcopes from Saturn . J 
to Venus which is 225 times brighter, being 15 times nearer to the Sun, 
yet the breadth of the aperture muſt not be contracted above j part of the | 
whole; and if too much light ſtill remains, it muſt be diminiſhed by 

darkening the eye-glaſs with the ſmoak of a candle. For a greater con- ; 
traction of the aperture is hurtful for another reaſon, that all the little | 
bubbles and veins in the eye-glaſs become more conſpicuous by intercept- 
ing the whole or a greater part of hoſe little cylinders above mentioned, 
and conſequently the particles of the object they came from. 

360. Upon the whole I conclude we may lengthen our teleſcopes at 
pleaſure, according to the laws of the table, with good ſucceſs; ſince not 3 
only the brightneſs and diſt inctneſs remain unaltered,” but alſo the breadth l 
of the pencils that enter the eye. Laſtly to obſerve exceeding ſmall ſtars | } 
and eſpecially the Satellites of Jupiter and Saturn, the beſt way is to in- 
creaſe very much both the aperture and focal diſtance of the dh, 

5 | * or 


* 
n 


2 Art. 347- 


® Art. 353. 
Ar. 349. 
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For fince they appear bike points even. through the teleſcope, there is no- 


thing gained by endeavouring to-increafe their diameters; but their bright- 
nels eaſt be eee much as poſſible; and this is chiefly done by 
increaſing the a breadrh, che light received into 


it becomes qua — and eee focal diftance of the 
eye-glaſs, e diftin ctneſs returns to the ee firſt *. But till 2 
brightneſs will not become 16 times to cor. 2. 
3, but only 4 times; becauſe as 1 the far cen the 
retina. is but a ſenfible point, whoſe e cannot therefore be in- 
creaſed by a diminution of its breadth, but only by an addition of new 
light. The cafe is different when we view the moon and primary planets 
— h the fame teleſcope, whole ſeveral parts receive 16 times more 
before. Thus by widening the apertures we very much increaſe 


| as Do of the teleſcope fox finding ourfinallſtarsand the ſatellites of Sa- 


turn, ſo that perhaꝑs with a 30 mat glaſs, whoſe is 6 inches or 
double the uſual one, as much may be done as witſł another of 120 foot 
whoſe aperture by the table is alſo 6 Frocher So far from Higens. 


13 


ProOPOSITION VE 


361. In reſlecting of various lengi bs a given objeth will appear 
equally ee v. . when their linear apertures ani alſo their 
linear Ons are as: nth ave roots of the cubes of their 


lengths: and conſequently when the ifftances of therr gye-glaſſes are alſo 


as the ſquare-ſquare roots of their lengths. 


Put Ffor the linear apertureof the reflecting coneave, E forits focal di- 
Rance or the length of the teleſcope, F for the focal diſtance: of the eye- 
glaſs; and when the diſtinctneſs waves is as FLL*, dre the 


brightneſs is given the amplification or Fiss A, thatis Fisas 7. There- 
fore when the difindtnels and brightacl are 1 Ad isas — ; or 
Aas L; or Aas EIA. The amplification was as A, that i is as Li; 


© I+ 
and therefore Fig as — or , L. XE. D. 
3.2 
362. In the edge ee made and deſeribed by Job Hadley Eſq; 
F. R. S. in the Philoſophical Tranſactions No. 376 and 378, L ba 
inches, F = or 4. or 2 of an inch. For he = 4 3 eyc-glaſſes and as 
many apertures for the refleeter whoſe breadthsare 4% 5, 52 inches. Hence. 


the lincar " aloptiications or = = are 15755 208 2275; 1 Ta- 
| : king 


cn „ APERTVRES AND @PTE-CSLABSES 47 


took the middle for a ſtandard I computed the fol- 


eye- glaſs and a 
table for teleſcopes of Ee by this Rule. Call the number 
in the length of any teleſcope L, and the focal diſtance of its eye- 


JG be equal to 60 4, 16 L in thouſandth parts of an inch. The 
| quotient of L divided by 60:4, 10 Lor Fgives the amplification*, which , ac. 123. 
multiplied by 24 will always give the linear aperture in thouſandth parts 
af an inch. For by the propoſition 4, L. is 4 F; that is? 623 or Y — 
or 5 or 54, — is t0 4, L as 2 or 300 milleſimals in the given eye- 
glaſs, to the milleſi mals in the correſpondent eye-glaſs or in F= 60 +4, 
10 L. And the aperture being as the amplification by the propoſition. 
ay, as theamplification given or 208- i is co 5 N oe 4A Wo 


Gis 5 inches, the aperture given, to the aperture ſought = * x © 5 
2 x > inches. 


263. Were it not for the unequal refrangibiliry of ks te- 
wand 17 hichnor « eras thee e cha open by ry 

er: ing with experience, ſhews again chat e Art. 333» 
ſpherical figure are inoonſiderable in compariſon 334. 


cothe other — ariſing mer nears be of therays. 


YR 


— 


8 364. REFRACTING TELESCOPES TEC REPLECTING TELESCOPES 3 


Length of Linear a- Focal diſt, 4 Linear | = ; 
ENTIRE 
9 ay fo- | the object- glaſs. or magni- Il cope or fs. glaſs. + for magni- the concave- 
cal diſt. of glass. fying pow- cal dit. of Ih ing Po: ſmetal. 
1 a er. ( theconcare * „ nut 
Fr Tuiebdrolabd Re ſi 
1 2 O. 55 . ee 445: 1: 
2 [0.77 0. 85] 28 HA 
r Grd $6 {1 £3. 1: 
|. 4 | 1-09. ] 1:20 | 40 $329 
—5—| 42135144. ||_.5 
| = LY t 1.34 1. 47 8 49. ] e a 
e 
L£6 11,714: 56 By. 
9 1 64 1. B0 1 -00-- " 
EEC 
33 1.97 2-17 | 72 [[ ir 
=. 2.12 | 2.32 77 12 
20 2.45] 2.70 | 39 13 
25 2.74 | 3-01 100 [[ 14 
39 3.00 [ 3.30 19 1| 19 
35 , 3.24 3's 1718 18 
40. 3.46 |: 3.81 | 126 [17 
45 45 3.67 4. 4 233 —ä — — . 
. $0. | 3.87 | 4-26 | 141 eee eee 
| 85 4.06 | 447 | 14 365. Theſe proportions, in Hu- 
D | 4-6 4 4.66 | 154 || 85s table for refraQing teleſco 
o | 4.58 | 5.04 | 166 || © meaſured by theRheinland foot 
o | 4-90 | 5.39 | 178 which is to the Engliſh foot as 139 
go | 5.20 | 5.72 | 189 || 19.1353 ſo chat king their lengths 
wo | 5.48 | 6.03 | 199 of as many engliſſi feet, their aper- 
120 | 6.00 | 6.60 | 218 tures and eye- glaſſes and linear am- 
140 6.487. 3 | 235 plifications ſhould be ſeverally di- 
160 {6.93 | 7.62 | 252 miniſhed'in the ſubduplicate ratio 
180 | 7-35 4 og | 267 of 139 to 135 by art. 354. that is 
200% | 7. 25 | 8.c3 | 281 nearly in the ratio of 139 to 137 or 
e 
240 8. 48 8.83 30 . 
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Contains vet properties of focuſes and images, * 8 . 
the eye and to any number of mediums : with general con- 


„ * the variations ef the apparent diftance 


an 0, d of tbe real diſtanre of its laſf i 12 from 
The eye, caged 4 a * motion of * eye, object or mn ne- 
dium. 

| 8 Weis ire 


| Avine the diameters and poſitions of two ſpberical fu aces, which Fig. 383. 
H e 


intercede three given ns, uppoſing the incident N in ei- 
ther of the aut ward mediums to be parallel, and very near to the common 
axis of the ſurfaces; it is Propoſed to find their focus after both refrattions, 
366. In the common axis AC of the ſurfaces AB, CD, let a and d be 
the focuſes of rays, which before they emerged by refractions at AB and 
OD into the outward mediums, went both ways parallel to the axis in the 
- inward medium. Moreover leth and c be the focuſes of other rays, which 
before they emerged by refractions at AB and CD into the inner me- 
dium, came both ways parallel to the axis in the outward mediums. Theſe 
We may be found by art. 224. Then ſay as ch: EM:: AataT; and 
placing a the contrary way from à to that of bc from 5, the point I ſhall 
| be the focus of the rays after both refractions, which came parallel from | 
| without upon the ſurlace C De becauſe c is their focus after their firſt = Art. 237. 
refraction. In like manner ſay as bc : cC:: Cd: dN, and placing 4K the 
contrary. way from & to that of cb from e, the point K ſhall be the focus of 
, other rays = both _refructions, which came parallel from without up- 
on the ſurface AB. + 1 8 
All che 3 are adapted to denne whole denſities are continyilly 
reater as they | . in order from the left hand tothe right; bue the demon- 
tions ſerve or any irregular order of denſities. 


PaoPOSITION big 


p } 


3 


| facws of. f incident rays being given, it is pr ed fo 7 their * 
7 after 7 ir ue a re ber ical f en which intercede given me- 
3 1 
367. In the common axis Ac of che given ſurfaces A B. CD, let a and Fig. 384. 
d be the focuſes of rays, which before giv emerged by refractions into 
the outwurd mediums, went both ways parallel to the axis in the inner 
medium. Moreover let I and & be the focuſes of other rays, 8 
re 


Fig. * Go 


a Art. 337. 


An. 257. 


ſqueacly Ris reciprocally as 


* 7 9. Suppoſing the focuſes a, d and 
4 ion for 
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fore their refractions through both the ſurfaces, came both ways paral- 


lel to the axis in the outward mediums. Then let P be the given focus of 


the incident rays, I and à the focuſes of thoſe rays which came the con- 


trary way to the incident rays, and ſay as PI to TaſodK to KR; and 
R che contrary way from & to that of I from T, che point R 
ebe 25 nb lacing 5 the 

or by as Pa: aA: in con 
way from 6 to aer from a, G. ant Alber . raps 4 
Ction at AB *, The fame point being th fon of nent ro 
upon the ſurface CD, ſay again as Le: C:: Cd: he, and "Ui 


tion, the reflangle Le xX.4R = eee chen = 3 
che two former into the proportion of their fides, it is as 4s: 
Pens gs de and disjoindy 1 Pa :: be:) AR: 
R by reſolving the two latter rectangles; and dirjoumty (or conjoindy 


gn > BRA TD PI, KR 
is inva- 
always equal to — ondrontgIpcietes e. 


riable, 


ProOPOSITION III. 


4 pofitions 0 three ſpberical furfaces, ankich in- 

 #ercede four given mediums, i the le, rays in either of the outward 

mediums be Sal and 2 near to the common axit of the far faces, 4 1s 
to Bad theer s after all the refrattions. 


, K to be determined by the firſt 
two contiguous ſarkaces, as AB and CD; let paral- 
rays falling on both ſides of the third ſurface EF have their focuſes, 
after refraction there only, at e and f; whereof e being the focus of inci- 
dent rays upon the ſurface cD, ſay aseK:Kd:: al: IL; and placing 
TL the contrary way from Tto that of Ne from K. by che foregoing pro- 
poſition the point L is the focus of rays, after all the refractions, which 


came el from without upon the ſurface EF. Again, fay as Nr: E 


Ay in and placing e comrary way from to chat of e K from 


M is the focus of rays after all the refractions which came pa- 
Aken eben ichout upon the ſurface AB*, 


1 


Paoro- 


— 


HO 


8 1 4 


1 > 
A 7 * 1 


NN «„ „ 


ä 1 — * * * 4 2 ——_ 7 * « N 7 — 
nn dd. if 2 =% h #j ou _ * 2 * 
„ RY Je a ks hs | * 
= 
Lg 1. * | 
l 8 . : v 
* -- x 1 4 1 
p bo ” — — — — " «oaths 1 wy 
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P an Ties IV. 


. A neee. heir fer 
ce 1 
25 Cafe x. „„ CD, EF, hee 7 Fig. 367. 
1 which before they emerged by reftactions 
outward inediums, went both: ways paraltel ro rhe axis in either of 
6 as CE; raoreover let L and M be the focuſes of o- 
ther rays, which before their vefractions through all the ſurfaces, cm 
boch ways: parallel to the axis inthe ourward mediums; then let P be the 
given focus of the incident rays, L and I the focuſes of thoſe rays which 
came as 23 way to the incident rays, and ſay as PL: LI: : TM: 
—— 3 Ms the contrary way from M to that of LP from L, 
ſhall be their focus after three re fractions. 
e the ſecond propoſition their focus R, after two rafractiaus at Fig. 38. 
che furfices 4B, CD. is given by ſay ing as P I:.1a :: d R. KR, and fince. 
R is their focus when — colts Grlhce EF, fay.asRe:eB:: Ef: 
FS, and S is their focus after three refractions . Now by the firſt of theſe a arr. 237; 
rtions and of thoſe in the third propoſition, the rectangle PI XK 
= (TaxdK=) Kex LI. Likrwiſeby the ſecond of theſe and. 
of thoſe in the third: propoſition, the rectangle Ref S 2 RF. 
VM and by reſolving the two former rectan Pe maten 
lides, it is as LI: . row and digaintly (or conjointly) FE. 
P:: (Re: an T. ving the ar ge and and dif- 
joinly (or coojoin pp Ls 7345 11 MS. 
he rays whos Hud es are 117 18 pig 8 
Er now let æ and # be the focuſes of other ; 
which are parallel to-the axis in the other inner medium AC; and fince: 
PL:LI::fM: MS; for the ſume reaſon when P comes to a amd. conſe- 
quently. S to t, it is as 4 L: LI: M: Mt, therefore er ctHNG 
rectangle LI M. it is as P. E: La: : M: MS. 

371. Caſe 2. Hence by the method of the third —— ous may: 
find the focus of parallel rays after refraction through four ſurfaces, and 
then the focus of inclined rays in the ſame manner as in the foregoing caſe, 
and ſo on. And by theſe propoſitions it is. ſufficiently evident, chat if L. 
and M be the principal focuſes of the whole ſyſtem of ſurfaces, and I and 
Fbe the Soulla.of Ges rope that'yo parallel in any one of the inner me- 
diums, then PL: LI:: M: MS. 

372. Corol. 1. It is manifeſt by th 
ing the focuſes of rays refracted thr 


ogy between the rules for find- 
a ſingle ſurface and a ſingle lens“, b An. 236. 


that the rule in this propoſition for the focuſes of rays refracted through | I 
25 number of ſurfaces, will ſervealſo * oflenſes of any ſorr 1 


placed 


o 
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placed at A. 6 D, &c. in one continued medium. And fo it appears that 
the relation between the conjugate focuſes P, &, of a pencil of rays refract- 
ed through an infinite number of ſurfaces or lenſes, may be always ex- 


preſſed by a ſingle proportion; in like manner as that relation  exprelied 
ina Angle ſurface or a ſingle lens. 


373. Corol. 2. Take a line Na middle pro rtional TERED given 


lines LI, fM, or between La, t M, and it will alſobea middle proportio- 


Fig. 391. 


n Art. 245. 


Þ Art. 263. de he ds. at the ire focus. Lb. 


nal between the variable lines PL, MS: and conſequently PL is reci- 

ocally as MS, and they,lye contrary ways from the principal focuſes 
L, M. And the emergent rays will flow from S if it lyes on the ſame ſide 
of the laſt ſurface as the incident rays, otherwiſe towards S. * che 
a continue to 8⁰ forwards from the laſt ſurface. $1 | 


"PROPOSITION V. 2 | 
Having FS ſemidiametes Ppofa ſmall objeft, placed bee to ; 


| the common axis of any number of refratting ſurfaces, which intercede gi- 


ven mediums ; it ts propoſed to find the ſemidiameter Ss of its loft image. 
374. Things remaining as they were in the preceding propoſitions , 


rake a line FELIX ER jos. as far as the number khan per- 


and "by art. 
_ as PL: PI:: FA: VS; 2 557 eee being compoun- 
ed, give PL: A6:: 1 EF M: S. But we had Ss: Pp- 


$:b6QXdRxXfS:bAxdCXfE; — Sex PL: Ppx Ab:: Aa xdK 
xfM: E. Whence SPP * FRA; or,by taking 


dk ru 


a line Y= Aa © 2 . S. =P * 5 


75. Corel. 1. Th the image Ss is 1 — to the object Pp, when 
PL is equal to J. 


lay Carol. 2. The image is as the object Pp direRtly and as P Lin- 
ver ah 


. Corel. 3. And therefore the image Ss is as the angle P Lp which 


378. 


ao 
* 5 
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378. Corel. 4. The image is ſimilar to the object in all its parts. For 
when PL is given, Ss is as PB. 1 | 
379. Corol. 5. When the object is given, the image is inverſely as PI 
or directly as MS' by art. 373. 


380. Corel, 6, If the emergent rays be received upon a perpendicular 
plane cutting y in X and ; in x, take a line LI e and place it 
in a contrary direction to that of My from M, and the ſemidiameter x * 


of this confufed image will be equal to 2 x =, x V. For the triangles 


4X2, 1 Ss being ſimilar, it is as Xx : (59) u :: X : M + MS, Att. 354. 
:: XX PL. NM PLA LIX FM.: FE 
or PL-+ Ll or Pl by conſtruction. Whence 4222 75 * 


381. Corol, 7. Hence if the perpendicular plane be fixt at any place X, 
che confuſed image Xx is as = or as che angle ſubtended by the object 


at the given point /*. ® Art. 222. 
Corol. 8. Hence if the object be given, this image Xx is inverſely as Pl; 
and is alſo ſimilar to the object. 


PROPHBOSITION VI. D 


Ir is propoſed to find the ratio of the angles which the incident and emer- 
gent parts of a ray do make with each other and with the common axis of 
any number of given ſurfaces betwixt given mediums. 

382. Things remaining as they were, let PB DFS be the courſe of Fig. 392. 
the ray; P and S its firſt and laſt interſections with the common axis of 


the ſurfaces. Take a line Z equal to Ab * = x &c. as far as the num- 


ber of ſurfaces permits; and the angle AP Bwill be to ESF as the given 
line Z to PL. | | 

For 25: A:: Aa: aP“ and conjointly and alternately : Ag ::* Art 237. 
QA: AP:: ang. AP B: ang. AQ B*. In like manner, Rd: Cc:: RC: Ar. 222. 
C: ang. CSD: ang CRD ; and likewiſe Sf: Ee:: SE: ER: : ang. 
ERF: ang. ESF; and ſo on. And by compounding theſe proportions 
it is as AX Rd XSf: Aa xCc Xx Ee :: ang. P: ang. S. But in the de- 
monſtration of the laſt propoſition we had Aa K M: X Rd x 


Sf:: PL: Ab. Whence it eaſily follows that Ab x = * =: PL::ang. 


P: angle S. And by ſubſtracting the lefler angle from the greater we re 
V the 


t. 371. 


Ag. 393. 
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the angle made by: the incident and emergent ray, as appears by produ- 
cing theſe rays till they croſs one another.. 0 


35883. Corel, 1. Let AB be the ſemiaperture of the firſt ſurface, and the 
ſemidiameter Mm of a perpendicular ſection of the emergent pencil of rays 


will be to AB, as the given line —.— is to AP. For becauſe the ſubten- 
ſes of ſmall angles are in a compound ratio of their legs and of the angles 


"themſelves, we have Mm to AB in a ratio compounded of MS to 7 P, and 


of the angle M to the angle AP g, or, by the propoſition, of PL to Z. 
| AB MPL AB , LIxfM* 
Whence Mm = — X —— =, pres ee 


384. Corol. 2. And therefore Mm is as 2 , or as the angle APB. 

38 5 Corol. 3. So that when AB is given, Mm is reciprocally as AP. 

386. Carol. 4. If the emergent pencil be cut by a perpendicular. plane 
at any other place &, the ſemidiameter Xx, of this _—_— is equal to 
4B , LIx fM—PLx MX F 4B  LIxfM _ th 3 
ebe, 2 Ax: (Mn) — X —; 2 MX :: 
MS: = MX: LL: LIxfM- PLXMX: L1xfM. 

387. Carol. 5. Hence we have the following conſtruction, take L171: LIT 
: M: MX and place it in a contrary direction from L to. that of MX 
from M; and in the line AG perpendicular to the axis, take AG to AB 
as MX to Z; then through G draw GH parallel to the axis, and with the 
aſymptotes GA, GH draw an hyperbola [tY through the point II; and 
the perpendicular P Y will every where equal the ſemidiameter Xx when 
the plane is fixt at X. For by the property of the hyperbola the rectangle 


H Hr ON AN, whence PY=(HY- GA =) TE 


— — 


AP AP 


£4; 007 460 TTxM AG  LIx fM—LP*X MX 
= II- I — X = -LP= I 2 — 


A MA 
TX — (by conſtruction) Xx in the 4th corol. 

388. The line N or a middle proportional between LI and M was 
made uſe of to determine the relation of any two conjugate focuſes P, &, 
ro the principal focuſes L. Ma, the line Yor A X 75 X'S» to deter- 
mn op 738 af the object at P to its image at Sb; and the line Z or A4 
X— N,. to determine the ratio of the angles at P and & made by any 
ray with the axis of the ſurface :; I ſay the lines V, N, Z are continual 
proportionals in a ſubduplicate ratio of Aa x Cc x Ee to Ab x CdX Ef; 


and conſequently in lenſes they are equal to one another. For V: Z:: 
a Ab f 


ITE d:; 4ax Cx Re: Ab x Cd x Ef; and by art. 369 7 
| 3 


AB LIxfM—LPx MX 
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366 it will appear that N* :Z* or LIM: R. M:: 


. 4K 432 722 E. 5 4243 * Ab? C4 
db 
a | 7 
767 EF” .Ce + ea £, a * 


PRO POSITION VII. 


To find the apparent diſtance of an object ſeen through any given Alem of 
mediums ; pls ſhew how it varies while the eye, object or ſyſtem is moved 
forward or backward. | | 


389. Things remaining as they were, biſect LM in T, and in a per- 


ndicular to the axis at 7, take Tv, Tn, Tz ſeverally equal to the given pig. 594, 593- 


Fines, N. Z; and through z, parallel to LM, draw Im cutting perpen- 
diculars at Land M in /and m. Join & and produce it both ways, and a 
perpendicular O & terminated at ms will be equal to the apparent diſtance 
of * object P ſeen from any point O. | / 
In like manner let R be the conjugate focus of a pencil of rays ſuppoſed 
to flow from O; join IR and produce it, and the perpendicular PI termi- 
nated at /R will alſo be the apparent diſtance of the object P ſeen from O. 
_ Laſtly take OG and PH each equal to TLor TM and place them in- 
wards, if the order of the points LT M be according to the courſe of the 
Tays that flow from P, otherwiſe outwards ; and let Im produced cut the 
perpendiculars to the axis at G and Hin g and þ; then let gh be an ordi- 
nate to the axis of a parabola g Zh, whoſe parameter belonging to the axis 
is the line Iv, and whoſe legs are extended from its vertex ho ſame way as 
the perpendiculars Gg, Hh are extended from the axis of the ſyſtem ; 
and the ordinate T Z will alſo be the apparent diſtance of the object P ſeen 
from O. 5 he $44 | 
Now if the object and the ſyſtem be fixt while the eye is in motion along 
the axis of the ſyſtem, the moveable perpendicular O.X, terminated at 
the fixt line &, being always equal to the apparent diſtance, will ſhew 
how it varies. Or if the eye and the ſyſtem be fixt while the object is in 
motion along the axis of the ſyſtem, the moveable perpendicular P, 
terminated at the fixt line I R, being always equal to the apparent diſtance, 
will ſhew how it vaties. Or laſtly if the eye and object be fixt while the 
ſyſtem is in motion along its own axis, (ſuppoſing its parts to be kept at the 
{ame intervals,) the moveable Lak pgs ar T Z terminated at_the fixt 
2 rZs, being always equal to the apparent diſtance, will ſhew 
ow varies: [004-1 


Andifone part of the ſyſtem be fixr, while the other is in motion, let the 
by the flut part, be at P; and by apply- 
, + ing 


fixt image of the object 


enn 


Cit th tee.” Hs Foal 
CIR, 1 . 
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ing the ſame conſtruction to the moveable part as before was applyed to che 
whole, the ordinate TE will ſhew the apparent diſtance in this caſe. 


DEMONSTRATION. 


Fig. 391. 390. For let the line p drawn parallel to PO meet the viſual ray Gs 


nk produced, in , and Way T1 the rectangular parallelogram Pp Il, 


then O ll is the apparent diſtance of the object Pp*; and the triangles 
Oſle, OSs being equiangular, we have OII: OS:: (l or Py: S5::) 
b Art. 374 PL: N, that is ſuppoſing the perpendiculars OX, PI, T Z to be ſeve- 
rie. 394,395. rally equal to the apparent diſtance ON, we have O or PYorTZ: OS 
ce Art. 373. :: PL: Tvz: Tx: MS; becauſe PL MS =Tn* TUN TZ. 

308. Firſt then we have OX: OS:: Tz or Mm: MS, which ſhews that u S 
produced is the geometrick Place of the point X. Secondly we have alſo 
PF: Tz or L:: (OS: MS: :) PR: LR; for we had PL Xx MS = Tn* 
=OMXLR, whence OM: MS:: PL: LR and disjointly OS: MS:: 
PR: LR. And this ſhews that /R produced is the place of the point V. 


PLx OS _ PLXOM PLxMs _, HTx TG 
Laſtly we have TZ = 2 — T. 


, Tv Tv . 7 
For by conſtruction PL HTand OM g TG and PL MSS TVUX Tz. 
Now let the point T be removed to G; then becauſe TG =o, by the e- 
quation we have the ordinate TZ=—Tz=Gg. Again by removing T 
to H, we have TZ = TZ H; and by the ſame equation we have 


TZ-+ Tz thatiszZ= == Biſect gh in 4, and the point z being re- 


| | bag 54. ; 
; moved to A, let x Z become AB = _ =— » N C peependiculaen 
—T x AB, then BC= (AB 22 A . — 7 = = = _ a 
Which ſhews that the place of the point Z is a parabola whoſe parameter 

i belonging to the axis ABis Tv. Q. E. D. Ne n 
Fig. 397- 391. While the ſyſtem remains fixt in any place, the apparent diſtance 
| of an object at P ſeen from O, will be to the r 7 — diſtance of an ob- 
ject at O ſeen from P, as Z to. V. For let a ray PB DS fall upon an object 


at O in any point &, draw Kx parallel to O and let it meet the ray P B, 


Fig- 396. 


we EAT produced, in x, and compleat the rectangle x XON then the apparent 


diſtance PN: PO ::angle OPK :angleOPxz*, or in a ratio comipound- 
ed of the angle OP to OS and of OSK to QPx, chat is of OS oO 


* An. 332. and of PL. to Z. Therefore PQ . But we had ON = —— 
in the article above, and conſequently ON: P:: Z: V. 


Fig. 494,395. 392. Hence the foregoing conſtruction will give the apparent diſtance 


of an object at O ſcen from P, by drawing the ne Im through v and by 


mak ing 


— 


1 
= 
. 
o 
2 
— 


* 


R 
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making T'z the parameter of the parabola. The ſame conſtruction ſerves 
alſo for a lens or lenſes, by drawing the line /m through u, and by making 
Tx the parameter of the paraboha. For in lenſes the points u, v, z coin- 
cide*; and conſequently the apparent diſtances Oi and P Qare equal. 
wired to interpoſe a given ſyſtem of ſurfaces or lenſes in ſuch a place that 
hs object ſhall appear through them all ar a given diſtance ; in any per- 
pendicular DD to the axis O P, on each fide of Q take Q and 
equal to the given diſtance, and through the points D, D, parallel to 
axis, dra w the lines DZ Z, D ZZ cutting the parabola in four points Z, Z, 
2 Z when poſſible; then draw the perpendiculars ZT &c. to the axis OP, 
and place that point of the given 55 Rech which biſects the interval LM at 
any of the four points 7; and tothe eye at O the object will appear at the 
given diſtance 2D or T, as is evident by the foregoing conſtruction. 

394. And by the ſame method, if the places of the object and ſyſtem be 
given, one may find the place of the eye, from whence the object ſhall 
appear at a given diſtance; and likewiſe if the places of the eye and ſyſtem 
de given, one may find the place of the object, where it ſhall appear at a 
given diſtance. | g by 
I have given the foregoing conſtructions of apparent diſtance and mag- 


3093. Hence if the places of the eye and object be given, and it be re- ig. 398. 


'nitude b, for any one to examine how near they will anſwer his ideas of b Art. 140 


diſtance and magnitude upon making the experiments. And I add the 
following conſtructions for the diſtance of the laſt image of an object 
from the eye, to ſhew how er 1 will differ from the apparent diſtance 
of the object, in moſt caſes. To ES. 
_ - _ProrosITIon VIII. 
To ſhew in what manner the difance between the eye and the laſt image o 
an object is varied, while the eye, object or refratting ſyſtem of apy fort, A 


moved forward or backward. 


395. Things remaining as they were, take a perpendicular Ms equal tO Fig. 399% 


MS, and draw od cutting a perpendicular at O in x; and when the ob- 
ject and the ſyſtem are fixt, and the eye is in motion along OP, it is evident 
that Ox will be always equal to OS, the diſtance between the eye and the 
laſt image of the object P. CON 

At L erect a perpendicular Le equal to MO, and draw «4, parallel to 
L, cutting a perpendicular at P in J; and through the focus R, 
with the center and aſymptotes L, a draw an hyperbola cutting the 
perpendicular at P in y; and Py will be the diſtance of the laſt image 
from the eye, while the eye and ſyſtem are fixt and the object is in motion 
along O P. For ſince Pg Lu = MO, we ſhall have Py=OSby taking 


\ Taz Tas 


* =(MS= TY Hence the rectangle r Tus, which ſhews 
that 
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that the place of the point y is an hyperbola ; which will paſs through R, 
. becauſe the rectangle RL or RLM Ogg Tu. 995 0 . 


Fig. 400, 40%. Laſtly erect a perpendicular HF HG and draw FG cutting the per- 
Pendicular n 7 produced in E, in which take E{== and place it down- 
ward if HT lyes from H toward G, otherwiſe upward, and throu 
the point & with the center Fand aſymptotes FG, FH, deſcribe an hyper- 
hola C, and while the eye and object are fixt, and the point T is in mo- 
tion along with the ſyſtem, the ordinate TC will be always equal to the 
diſtance of the laſt image from the eye. For by conſtruction the line E 
is reciprocally as. HT, or reciprocally as FE, becauſe His to FE in a gi- 
ven ratio of HG to FG; that is, the magnitude of the rectangle under FE? 
is invariable, and conſequently the place of the point & is an hyperbola, 
Moreoverby conftruftion TEZTG=MO, and therefore T{ = (TE 


ſemicircle upon the diameter GH in T, A; and the ndiculars T, 
ad to the axis OP, will give the points , q where T Kult be placed; for 


2. or 9. But the data muſt be ſuch that Tu muſt be leſs than half HG; for 
if it be bigger, it will be impoſſible for the line & A to cut the circle whoſe 
diameter is HG. . : 
398. And when thediftance of the image from the eye is diminiſhed to 
nothing, the apparent diſtance of the object becomes nothing at the ſame 
time. For the parabola in the foregoing propoſition will cut the line 
* OP in the fame points , d as the hyperbola does, when poſſible, that is 
when ds leſs ha half GH. For we had the parabolick ordinate T Z 
HT. 7 . . 2 . 

kt og. = Tz *; which being put equal to nothing gives the rectan- 

p* a pe n e e hapter I have only purſued th 
3099. In pr tions of this chapter 1 only ie 
moſt general caſe, Ak when the ſyſtem of ſurfaces or lenſes has two 
principal focuſes, as L and M; but the ſurfaces may be ſo ſituated * 
e 


cnar G. ror THE DISTANCE OF AN IMAGE, Try 


the rays which fall parallel upon the firſt, ſhall emerge parallel from the: 

laſt. Theſe particular cafes and ſome few determinations, which would 

have perplexed the reader too much and withdrawn his attention from the- 

general caſe, I have purpoſely omitted. Whoever has a mind to conſider 

them by themſelves, will find them eaſy to be ſolved in the following 

manner. In the ſecond propoſition. if the focuſes b, be ſuppoſed to co- Fig 383 te 
incide, the principal focus 7, K will be removed to an inlfllite diſtance. 3857. 

In this caſe Pa is to d R in the given ratio of the rectangle aAb to the rect. 

angle Cd; and Pa, d R will lye the ſame way from a and d. For we had Pa 


== and R ; but g becauſe bc =o. In this and the like 


caſes when the ſyſtem has no 3 focuſes, the geometrick places: of 
the points X, Z, Z; x; y, & in the foregoing conſtructions are all ſtraight 
lines. 

400. By the analogy between the rules for finding the focus of a pen- 
eil of rays reflected and refracted at a ſingle ſpherical ſurface ?, it is mani- © Art. 207: 
feſt that all the propoſitions and conſtructions in this chapter, may he e _ 
fily adapted to rays ſucceſſively reffected from any number of ſpherical. 
furfaces betwixt any given mediums. And though I have mentioned none” 
but ſpherical ſurfaces, yet all the concluſions are the ſame for any other 
furfaces of equal curvities to the ſpherical ones b. da. en 

401. Likewiſe in the following chapter, where I conſider the reflections Deſgn.- 
and refractions of rays that fall not only perpendicularly, or almoſt per- 

ndicularly as before, but with any degree of abliquity upon any curves, 
pac mention no other but a circle, which is always ſuppoſed to- 
have the ſame curvity as any other curve, when poſſible, in the place where 
a ſlender pencil of rays is incident upon it. To find the radius of curvity, 
is the ſame thing as to draw perpendiculars to a given curve or to its tan- 
gents at the given points of incidence; and then to find the concourſe of- 

xo of the neareſt perpendiculars; for this point of. concourſe is the cen- 
ter of a circle whoſe arch coincides with the given curve at the points of 
incidence. But this being a problem purely geometrical, it is ſufficient in 
this place to have given an idea of it; eſpecially fince the conſideration of 
any other curves but circles, is ſeldom neceſſary for the ſolution of any 
optical ee. in nature. At firſt I ſhall conſider a ſuperficial pencil 
of rays, that lyeall in one plane of incidence; becauſe it will appear after- 
wards that the rays of a ſolid pencil, which lye in different —. of in- 
eidence, will belong to different focuſes; and therefore inſtead of a ſphe- 
rical ſurface I ſubſtitute a great circle of that ſurface ; conſidering it as a 
phyſical circle, not a mathematical one. Laſtly it is to be obſerved as be- 
fore c, that in ſtrictneſs of geometry the focus of a ſuperficial pencil of re- e Art-211, 
flected or refracted rays, is nothing but the common interſection of two 
contiguous rays, whoſe points of incidence were in the Middle of all the 
reſt ; but the ſame interſection conſidered phyſically may be called the fo- 
cus of a ſlender ſuperficial pencil of rays. CHAP=: . 


a Art. 9. 
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| Determinations of focuſes of rays falling with 


402. er the ray AB belonging to the focus A, fall with any obliquity 


. the reflecting circle, this propoſition degenerates to the third propoſition, 


_ * 


— 


CHar?TER IX. | „51 
any degrees of 


obliguity upon any number of refleting and refracting ſur. © 
faces of any ſort, and alſo of the properties of Caufti 15 4 


PROFT—OSITION I. f 


upon the concavity or convexity of a circle or any other curve, 
whoſe radius A curvity at B is CB, and be reflected along B F given in pofi- 
tion; draw the fines of incidence and reflection CD, CE, and - x7 their e- 
ual cofines BD, BE ina and f; and ſay as Aa to aB /e Bf to f F, and place 
tr _ way with reſpect toBf as Aa lyes with reſpect to aB; and the 
point F will be the focus of a flender pencil reflected from an exceeding ſmall 
arch whoſe middle point is B. | 
For let Ab F be another ray reflected from b, the neareſt point to B; 
draw Cd and Ba perpendicular to A6, and alſo Ce and By perpendicu- 
lar to b F; and the line Ba will equal By. For the angles BS, Bby, which 
Ab and b F produced do make with the arch Bb or its tangent at ö, are 
equal*; and conſequently the little right angled triangles B59, Bby are 
alſo equal. Again the lines Dd and Ee, which are the ſame at laſt, when 
5 and B are coinciding, as the differences of the equal fines CD and CE, 
Cd and Ce, are alſo equal. And ſince the triangles B Ad, DAd are equian- 
gular, and alſo BFy, E Fe; the ratio of the diſtances BA to AD (or of 
BJ to Dd or of By to Ee) is the ſame as the ratio of the fimilar diſtances 


BF to FE. Hence conjointly and disjointly BA—= AD: AD :: BF =» 
FE : FE, and alternately — : —_ :: (AD: FE: — 

. , 
, that is Aa: Bf::aB:fF; and alternately Aa: aB:: Bf: FB, 


* f 
And ſuppoſing the incident rays to go backwards in theſe figures, they 
will be reflected from the convexity of the arch, in the ſame lines produ- 
ced as before. Q. E. D. 1 . | 
403. Corol. 1. When the incident ray A paſſes through the center of 


Art. 207. 4 by 
404. Corel. 2. It appeared in the demonſtration that the ratio of the 
diſtances BA to AD is the ſame as the ratio of the fimilar diſtances BF 
to FE. & 200 W 
405. Corol. 3. The points a, Fare the focuſes of ſlender pencils coming 
parallel ro FB and AB reſpectively. For when the focus A or F is remo- 
ved to an infinite diſtance the lines Dd, Bg9, By, Ee become equal to * 
another 


Q1AP. 9. DBLIQUELY REFLECTE D. 18 
N Or it appears from the ſecond corollary, or from the propoſition 
it ſelf. Pg if : | ogy | . 
406. Cofol. 4. Erect BG and B H perpendiculars to the incident and re- Fig. 456. 
flected rays AB and BF, and taking BH equal to BG, terminated at the 
axis AC produced, joyn CH and it will cut the reflected ray in the focus F. 
For drawing the equal fines CD, CE, the triangles BAG, DAC and alſo 
BFH, EFCare equiangular. Whence BA: AD ::(BG: DC:: BH: CE 
iz) BF:EF; which is the property of the focuſes A, F, by cor. 2. 
497. Corel. g. The focus Abeing given to find the point B, in a reflecting Fig. 40% 
circle, from which and from the adjoining points, the rays ſhall be refle&- 
ed into parallel lines when poſſible; in CA produced take AG equal to AC, 
and a circle deſcribed upon the diameter AG will cut the reflecting circle 
in the points B, B required. For drawing G B, the angle A G in the ſe- 
micircie is a right one, and conſequently in the equiangular triangles 
43G, ADC, the ſides AB, AD are equal; and therefore A is the focus 
of rays that will be reflected from B into parallel lines by cor. 3. 
408. The poſition of the reflected ray B F, which in this and the fol- 
lowing propoſition is ſuppoſed to be given, may be determined by ma- 
king the angle of incidence equal to the angle of reflection, or by · inſcrib- 
ing a chord in the reflecting circle, equal to the chord which the incident 
ray moved in; or by ſeveral other methods. Fake 


PROPYOSITION II. 


409. The focus of incident rays being given, it is required to find their 
focus ”_ any given number of ſucceſſive reflettions from the inſide of a gi- 
ven circle. | E. 
Let ABC DE be the given courſe of a ray reflected from a circle at pf. 408. 
B, C D; and from the center $ upon AB DE, the firſt and laſt parts 
of the ray, draw the ndiculars & K, SN; and from Kand N towards 7 
Band D, the firſt and laſt points of reflection, take K T and N ſeverally 
in 1 to KB or N D, as an unite to twice the number of ſucceſſive 
reſſections; then let any point Ain the line A Bbe the focus of incident rays, 
and ſay as TA to T ſo VN to VH; and placing H the ſame way with 
reſpect to VN as TA lyes with reſpect to T K, the point H will be their 
focus after all the reflections. Wo AC SER " 
For let the perpendiculars SK, & 5 SM, SN 175 the ray AB, BC, 
CD, DE cut Q next ray Abcde in E, l, n, n; and let the focuſes or in- 
terſections of theſe two rays beat F, G, H. Alſo from B, C, D upon the 
ray Ab, bc, cd, draw the perpendiculars BB, Cy, D9, and likewiſe up- 
on bc,cd, de draw the perpendiculars Be, Cr, Ds. Theſe latter perpen- 
diculars Bg, Cr, Ds are fee dvely equal to the former Bg, Cy, Da; as 
it appeared in the demonſtration - the laſt propoſition. Now ſince FL 
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FL, FC are in the ſame ratios.to one another as Be, Li, Cy; and ſince FR 
—-2FL= FC, therefore B.g -+ 2 LIS Cyor Cr. For the like reaſon Cr 
—2 Mm = Dor Ds, and on. Therefore ſince Kk, L!, Mm are equal, 


as was ſhewn in the demonſtration of the laſt propoſition, the perpendi- 


culars Bg, Cr, Ds, and their equals Be, Cy, Dad, are ſeverally in arith- 
merical progreſſion ; their common difference being 2 L/ or 2 Kk. So that 
putting for the number of chords BC, CD, that join the ſucceſſive points 
of reflection, made in the paſſage of the given ray from A to H, we have 
BB —+ 2nKk = Dt the ſubtenſe of the angle DHS ; that is, Kæx: B&—+ 
z K:: ( K or Nn: Ds::) NH: HD. Hence 2nKk: BRA 2nKk 
i: 2 NMH: HD, and disjointly 2» KA: BRH: : 2 NH: HD- 2 NN, 


and KR: B, that is AK: AB:: NH: HD=2nNH, and disjaintly AK 


KB:: NH: HD- 22 NH- NH, or ND - z NH- 2 NAH. There- 
fore AK: . KB:: NH: ND—NH, and conjointly AK —+ 
5 


KB. —— KB:: — ND: . ND-NH; that is, taking K 


22 
= —— KB, and NV = — ND, we have TA: TK.: VN: VH; 
and2%—+20r2X# ĩ is twice the number of reflections of che given ray 


Az; becauſe there is always one reflection more than the number of 


Tig. 409 to 
412. 


chords between the firſt and laſt points of reflection. Q., E. D. 

410. Corol. 1. When AZ is fixt in poſition VH e e) as TA; 
and conſequently Vis the focus of rays that come to AB, and T 
the focus of rays that come parallel to ED : and theſe principal. focuſes 
are found as above, by taking KT to K B as an unite to twice the number 
of ſucceſſive reflections. 1 8 

411. Corel. 2. The perpendicular ſubtenſes K, Ll, Mm, &c. of the 


ſmall angles at A, F, G, &c. are equal to one another. And the ſmall ar- 


ches Bb, Cc, Dd, &c. are in arithmetical progreſſion as well as the per- 
pendiculars Bę, Cy, D4, &c. becauſe the little right angled triangles 
B65, Cc, Dad, &c. are equiangular. | EQ 


PrxoFrosITlionN IN. 


412. From the center C of a refracting circle Bb, betwixt given me- 
diums, draw the perpendicular CD upon an incident ray AB and CE up- 
on the refracted ray BF given in poſition; and if any point A be the focus of 
incident rays upon a ſmall arch B b, and F be their focus after refraction, 
the ratio x, the diſtances BF to EF will be compounded of the ratio of the 


Amilar diſtances BA to DA, of the ratio of tbe fines of incidence and re- 


fra#ion, CD, CE, taken direly, and of the ratio of the cofines, BD, BE, 


For 
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For let A P be the neareſt ray to ABF; and upon Ab draw the per- 
pendiculars Cd, BJ; and Ce, By upon & F; and the right angled trian- 
les BJ, BDC will be ſimilar, as „ by taking the common angle 

935 from the right angles CB, DBA. And for the ſame reaſon the 
right angled triangles Bub, BEC will be ſimilar ; and conſequently the 
5 figures Bydb, BE DC will alſo be ſimilar. It is alſo to er 
that CD is to CE and Cd to Ce in the given ratio of the fine of incidence 
to the fine of refraction; and disjointly Dd is to Ee in the ſame ratio. 
For the ſame line CDd may be conſidered as perpendicular to both rays 
AB, 4b when the angle BAb is vaniſhing *. Hence becauſe the triangles * Art 20. 
BF\, E Fe are ſimilar ; and alſo B. Ad, DAd; the ratio of B to E For 
of By to Ee, which is compounded of the ratios By to BJ, B to Da, 
Dad to Ee, is alſo compounded of theſe ratios reſpectively the ſame as the 
former, BE to BD, BA to DA, CD to CE. E. D. The poſition of 
the refracted ray BF, which is ſuppoſed to be given in this and the fol- 
lowing propoſitions, will be determined hereafter by lemma 4. 

413. Gorol. 1. When the incident rays are parallel, the ratio of BF toE F 
is compounded of the direct ratio of the fines of incidence and refraction, 
and of the inverſe ratio of the coſines; becauſe the ratio of BA to DA is 
aratio of equality when A is remote. | 

414. Corol. 2. The ratio of the perpendicular ſubtenſes Dd, Ee, of the 


(mall angles at A and F, is invariable; being the ſame as of the fine of 
incidence CD to the fine of refraction CE. 


j 


LE MM A. I. 


415. The ratio of the tangents, CT, CV, of any two angles, CBD, Pg. 4% 
CBE, is compounded of the ratio of their fines, CD, CE, taken direct- 
ly, and of their coſines, BD, BE, taken inverſely. 
For the right angled triangles BCT, BDC are equiangular, and ſo are 
the right angled triangles B CV, BEC. Therefore the ratio of CT to CF, 
which is compounded of CT to CB and of CB to CY, or of CD to DB 
and of EB to EC, is the ſame as the ratio of the rectangle under CD, EB 
to the rectangle under DB, EC, which is compounded of the ratio of 


CD to CE and of EB to DB), that is of the fines directly and coſines b Eue. VI. 23 
inverſely. 2. E. D. e 


PROTOS HIT Io IV. 


416. Let AB and Bf be an incident and a ene ray given in pofi- Fig. 44 
tion. From C the center of curvity at B, or of the refratting circle, araw *'?" 
CE perpendicular to the refracted ray B ffproduced; and let B fbe to B E asthe 
tangent of the angle of incidence tothe difference of the tangents of incidence 
a refrattion; and let Bf be placed 1 that is according to the * 
2 5 


1 
* 
1 

* 
— 
* 2 
7 


Rc. VI. 2: 
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* 


1 
f the refracted ray, if the ſurface of the denſer medium be convex, otherwiſe 
. and 0 Fay e 4.4 of a 2 pencil of rays that came 
parallel to A B upon the ſmalleſt arch at B. | i 
For the ratio of Bf to Ef, being compounded of the ratio of the fines. 
of the angles of incidence and refraction directly and of their coſines in 
verſely a, is the ſame as the ratio of the tangents of thoſe angles; Po 
disjointly B/ is to BE as the tangent of incidence to the difference of the 
tangents of incidence and refraction. The reaſon of the rule for the polt- 
tion of Bf is this, that the rays going forward in both caſes, will converge 
in one caſe and diverge in the other. Q. E. D. | 
417. Corol. 1. Hence Bf is to Ef as the tangent of incidence to the tan- 
gent of refraction. | 4 105 
418. Corol. 2. Let a be the focus of rays that came parallel to f B; then 
we have B/ to Da as BE to B D, that is, the continuations of the coſines 
BE, BD to the focuſes of rays that came parallel to them, are in the 
ſame ratio as the coſines themſelves. For B/ is to Ef as the tangent of in- 
cidence to the tangent of refraction, and Ba to Da in the ſame ratio in- 
verted. Therefore Bf : Ef :: Da: Ba, and disjointly BF: BE:: Da: 
DB, and alternately Bf: Da:: BE: BD. Ld 
419. Corol. 3. The focus f may alſo be found by drawing lines in this 
manner. Draw CE perpendicular to the refracted ray Ef; EG perpen- 
dicular to the radius BC, and Gf parallel to the incident rays, and it will 
cut the refracted rays in their focus f. For let EG cut AB in H, and Gf 
being parallel to the baſe BH of the triangle BE H, we have Bf: BE:: 
HG: HE, the ſame proportion as in the propoſition : for GH and GE 
are tangents of the angles, GBH, GBE, of uictdence and refraction. 
420. Corol. 4. Hence it appears that while the angle of incidence con- 
tinually increaſes, the focal diſtance Bf continually deereaſes, till it be 


reduced to nothing when the angle of refraction becomes a right one; of 


elſe till it be equal to the coſine of refraction when the angle of incidence 


d Art. 224. 
e Art. 204- 


is a right one. Conſequently the focal diſtance is the longeſt when the 
angle of incidence is the leaſt ; and then this propoſition degenerates to 
the ſecond propoſition of the third chapter 4. For the tangents of very 
{mall angles are in the ſame ratio as their fines or arches*. 


LE MMA II. 


Fig. 418,419. 421. The leaſt increment of an angle of incidence, is to the contem- 


rary increment of the angle of refraction, as the tangent of the angleof 
incidence, to the tangent of the angle of refraction, | 


Let two rays AB, a B, containing a very ſmall angle A. Ba, be refract- 


ed at along the lines BE, Be by a plane or by any curve- ſurface. From 


f Art. 204. 


any point C, of the line B C perpendicular to that ſurface, draw CDA 
cutting the incident rays (produced) at right angles i in D and 4; 3 
| ” | 8 > . e- 
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en AP. 9. rr fg 
likewiſe CEe cutting the refracted rays (produced) at right angles in E 
and e. Then becauſe CD is to CE and Cd to Ce in the fame ratio of the 
Ines, disjointly we have Dd to Ee as GD to CE. Now the ratio of the 
fmall angles (4 Ba or) D Bd and E Be, which are the contemporary in- 
crements or decrements of the angles of incidence and refraction, being 
compounded of the ratio Dd to Ee and of BE to BD, that is of CD to At. 222. 
CE and of BE to BD, is the ſame as the ratio of the tangents. of inci- 
dence and refra&tion*. 9. E. D. 4 b Art. 415. 
422. Corol. Hence if the angles of incidence and refraction of either | 
of the rays ABe, a Be be invariable, while thoſe of the other ray are va- 
ried a little, their ſmall increments or decrements will be always to each 
other in an invariable ratio. al ba bed ”y EE 


8 PROPYHOSITIOXN V. N 
423. Let a ray AB falling mith any obliquity upon a refracting curve Fig. 414 to 
4 B, be 22 an F — = ben, 25 let Ba 4 the focal di- 7. 
Rance of rays coming parallel to FB; and Bf the focal diſtance of other rays 
coming parallel to AB; then ſuppoſing any point A to be a given focus of 
mcident rays, ſay ar AatoaBjoBt to f F, and place f F the ſame way with 
reſpec? to fB as a Alyes with reſpect to a B; and F will be the focus of the 
refatted rays. A ts | \ 
For let AGF be the neareſt ray to ABF; and joining aG and /G, a 
ray 4G after refraction at & will go along a line G H parallel to BF, by 
the ſuppoſition; and likewiſe a ray /G will be refracted through & along 
GT parallel to B.A. But the angle AG is to the angle FGH or G E in | 
à certain given ratio:; and in Ie manner the angle 2 46 or AGIT is to c Art. 422. 
FGFin the ſame given ratio. Therefore alternately the angle AG: ang. 
@AG ;: ang. G E: ang, fG F; and the fines of theſe ſmall angles are 
the ſame proportion d; and conſequently in the triangles AGa, GF,, the d Art. aao. 
fides oppoſite to'thoſe angles are alſo in the ſame proportion®; that is Ag e Art. 221. 
:aG::Gf:fF, or Aa: aB:: Bf: Ft. Let A approach towards a, and f Ar: 204: 
when it coincides with a, the line f F will become infinite; and therefore 
when A paſſes to the other ſide of a, the point F will alſo paſs from an in- 
finite diſtance to the other fide of f. E. D. e re 1 
4424. Corol. 1. When the ray AB F is given in poſition the line Fiss 
r , n5euzy as : 
, 425: Corol. 2. The fame words applyed to the 42 1ſt figure are a de- Fig. 421. 
m tion of the ſame proportion for the focus of reflected rays. For 
now the angle AGa'isro FG Hor GFf in a ratio of equality s, and ſo is 8 A. 8. 
the angle aAG or AGT to the angle GF; and n the trian- 
gles AGa, G Ef are equiangular; and therefore Aa: 4 ora B:: Gf or 
Bf: FF. Which is another demonſtration of the firſt of theſe. propoſi- 
tions h; and the points a, F which are the focuſes of parallel rays to =P k Art. 402. 
er 2 


Fig. 420. 


— 


56 ober OF RAPS . BOOK 1. 
and AB, may be found in this manner. Let two incident rays AB, ab 
deſcribe two parallel chords of a circle Aab Be C, and be reflected alon 
An. 9. 19. the chords BC, bc reſpectively equal to BA, be *, and let them croſs in 
Then 2Bb=(Bb + Aa= arch AB—archab= arch BC=archbe=) Cc 
— Bb., Hence Cc = 3Bb and Bb5:Cc::1:3. Let the chords Ab, ab ap- 
| proach infinitely .near o one another, and the figures B, Cc will be- 
5 Art. 204 come equiangular triangles*, and conſequently Bf : fc or C:: (Bb: Ce 
::)1:3; therefore R BC=EI BA hos 


Pig. 422. 


PRO POSITION VI. 


426. Having the focus of a flender Nee pencil of rays falling with 
any 1 upon a great circle of a e of any homogeneal matter, it is 
propoſed to find the focus of the rays that emerge from the ſphere by refrac- 

5 tion, after any given number of ſucceſſive reflettions within it. 

Fig. 423- Let ABCDEZ be the courſe of a ray incident at B, ſucceffively 

c Art. 183 &c. reflected any given number of times, as at the points C, De, and emer- 

gent at E. And let A be the given focus of incident rays; F their focus 

after the firſt refraction at B; G their focus after the reflections at C and 

D; and Hrheir focus after emergence by refraction at E. To find theſe 

focuſes, let BF and Ba be the focal diſtances of rays coming lel to 

Ag and FB reſpectively, and ſay as Aa: a B:: Bf: fF; which gives 

the focus F, by placing / F the ſame way with reſpect to Bf as * 

Ax. 423. with reſpect to aB *. Again from & the center of he ſphere, draw SL, 

SN perpendiculars to the firſt and laſt chords BC, DE, and towards Cand 

D the firſt and laſt points of reflection, take LT and NM ſeverally in pro- 

portion to LC or ND, as an unite to twice the given number of ſucceſſive 

reflections; then becauſe F is the focus of the rays incident at C, ſay as 

P: TL: : TLor VN: VG, which gives the focus G after the laſt re- 

: | flection at D, by placing VG the ſame way with reſpe& to YN as T Flyes 

_ * Art. with reſpect toT L*. Laſtly let Eg and Eb be the focal diſtances of rays 

comang parallel to ZE and GE reſpectively, then becauſe G is the focus 

of the rays incident at E, ſay as Gg :g E:: Eb: HH; which gives H the 

| focus of the emergent rays, by placing h H the ſame way with reſpect to 
_ ® Art. 423... Eb as Gg lyes with reſpect tog E*. & E. J. | 

427. Carol. 1. While the incident pencil revolves about the focus 4 

with an angular motion in the of the circle BC DE, the proportio- 

4 A. 420. nable lines Aa, a B, I will all vary their lengths“, and ſo wi ITL; 

and when T F, T L, T f are continual proportionals the emergent rays will 

be parallel to EZ. For we had Gg: g E:: Eb: dH; therefore b H will be 

1 when Gg is nothing, that is when YG equals Vg or Tf, which 

are always by reaſon of the equal chords BC DE and equal re- 


ual * 
frattions ar Band B But by conſtruction T F, TL, VG are always oo 
nu 


* 
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nual proportionals; therefore when YG and T are equal, we have THE, 
TL, T f continual proportionalss. | | 
428. Corol. 2. Mn if the incident rays be parallel, the emergent rays 
will alſo be parallel when Tf and T L become equal to one another; and 
conſequently when Lf is to LC as an unite to the given number of ſucceſ- 
five reflections. For when the focus A is infinitely remote, the focus F 
will coincide with 7, and conſequently the continual proportionals.T F, 
TL, Tf * will become equal to. one another. Att. 4 
429. Corol. 3. Hence drawing SM perpendicular to AB produced, 
and putting # for the given number of ſucceſſive reflections, if the inci- 
dent rays be parallel, the emergent rays will alſo be parallel when BL: 
BM:: n-+1, SL: SM. For in Corol. 2, we had n: 1:: LC or LB: 
Lf, and conjointly n —+ 2 to 1 (as Bf to Lf, that is,) in a ratio com- 
pounded of S Mto S L and of BL to BM“; therefore by compounding * Art. 413. 
theſe ratios with the ratio of S L ro SM, we have n = 1, SL: SM:: 
BL: BM. 
430. Coro). 4. Hence putting J: R:: SM: SL, and m — 1, we 
ſhall have BM: BS::y/ IT-RR: y mm —1, RR; which determines 
the angle of incidence BS M when the rays that came parallel to AB 
ſhall emerge parallel to EZ. And this is Sir 1/aac Newton's rule for deter- Opt. p. 148. 
mining the apparent diameters of the Rain-bows, as ſhall be explained 
hereafter. For becauſe SM: S L:: I: R, we have S M SL: SM: : 1 
R: I. And in Corol. 3. we have BL — BM: BM:: mR—1:1. 
But SM + BM* =$L* ＋ BL, or SM* - $SZ* BLI - BM, ue. I. 37. 
or SM + SL x SM—-SL = BL + BMx BE=BM. Whence SM 
—+ SL: BL + BM:: BL-BM:SM—SL; that is, by ſubſtituting 
the values of theſe terms, which are given by the foregoing proportions, 


SM. = BM: BM: SM. Hence Tr ENTER 


SM* =mR + Ix mR— Ix BM", and conſequently BM? : S M=: 
TI-RR:mmRR=—T1T; and conjointly BM* : BS*::IT=RR: mm=1 
X RR; and BM: BS::y TT-RR:ymm=1, RR. 


Przoros1TLoON: VII. 


431. Having the pofitions of two given curves, betwixt three given me- 
di ws; and e bt a 2 Le in either of the outward 
mediums to be parallel, and to fall upon the curves with any obliquity; it 
is propoſed to find their focus after refrattions through both the curves. 

Let a Abc Cd be a ray refracted at A and C by the given curves AB, ig. ,.. 
CD; in this given ray let @ and d be the focuſes of rays, which ne : 


Art. 423. 


8. 


Fig. 425. 


Art. 418. 


Fig. 424 
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they emerged by refractions at AB and C D into the outward mediums: 
went both ways parallel and very near to AC in the inner medium. Alſo 


let i and e be the focuſes of other rays, which before they emerged by re- 


fractions into the inner medium, came parallel to aA and d C reſpectively 


in the outward mediums. Theſe focuſes may be found by art. 4 16 and 


401. Say then as c: A:: Aa 4, and placing aT the fame way with 
reſpe to aA as bc lyes with reſpect to 5.4, the point I will be the focus 
of rays after both refractions, which came parallel from without upon 
the curve CD “*; becauſe c is their focus after the firſt refraction. In like 
manner by ſaying as Oc :: Cd: d K, and by placing d K the fame way 
with reſpect to C as c lyes with reſpect to c C, the point K will be the 
focus of other rays after both refractions which came parallel from with- 
out upon the other curve AB. Q, E. 7. 
432. Corol. 1. Let the two ſurfaces AB, CD compoſe a ſphere of ho- 
mogeneal matter, and let & be its center. Draw O M perpendicular to the 
incident ray aA produced and ON perpendicular to the emergent ray 
dC produced. Then biſect aM and d in and &, and the points J, K 
will be the focuſes of rays refracted through the ſphere that came parallel 
to d C and aA. For biſecting AC in L, we have Le: LC:: Cu: CNT, 
and conjointly Le: cC:: Cd: dN; but by the propoſition we have bc 
or 2 Le: cC :: Cd: d K, and conſequently 2 Le xd K=(cCxCd=) Lc 
AN by the former proportion; therefore q K dN: and by the fame 
argument a/=3 a M. | uma enen | 
433. Corol. 2. We had Cd to CN as the tangent of the leſſer of the an- 
gles of incidence and refraction to the difference of theirtangents* ; and 
conſequently the focus K will lye without or within the ſphere, accord- 
ing as that leſſer tangent is bigger or leſs than the difference of the ſaid 
rangents ; which difference increaſes to infinity, while the angles of inci- 


_ dence and refraction increaſe ; that is while the ray AC goes farther and 


farther. from the center of the ſphere. _ 


| PRoPoOSITION VII. 
434. The focus of incident rays being given, it is propoſed to find their 
15 after oh — — rwp given curves, — — given 
mediums. e 
In the ray JaACd K given in poſition, let @ and d be the focuſes of 
rays, which before they emerged by refractions at AB and CD into the 
outward mediums, went both ways parallel and very near to AC in the 
inner medium. Alſo let I and K be the focuſes of other rays, which be- 
fore their refractions through both the curves, came parallel to C K and 
AT in the outward mediums. Then let P be the focus of incident rays 
upon the ſurface AB; Tand à the focuſes'of thoſe rays which came the 
contrary way to the incident ones; and ſay as PI: Tat: dK: * and 
; . 


4 : * , * * » * K C v » G 2 * * 
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lacing KR the ſame way with reſpect to Kd as TP lyes with reſpect to 

Yo: — R will be their — both the — 8 | 

For by ſaying as Pa: A:: Ab: Land by placing 59 as uſual, the 
point & will be their focus after the firſt refraction at AB the ſame * Ar: 423. 
point © being the focus of incident rays upon CD, fay again as Eg: cC 
:: Cd: d R, which being placed as uſual gives the focus R after both re- 
fractions . Now by the firſt of theſe proportions and of thoſe in the fore- a Art. 4:;. 
going propoſition, the Og PaxbQg=(aAxAb=)bexalT; and 
by the ſecond proportion in this and in the foregoing propoſition, the 
reftangle Qe xdR=(cCxCd=)bexdK; then by reſolving the two 
former rectangles into the proportion of their ſides, it is as Ia: Pa:: 52 
: bc, and Ry (or conjo1 9) PI: Pa:: (Qs: bc::)dK:dRby re- 
3 * * rectangles; and disjointly (or conjointly) PI: Ja:: 4K 

435. Corol. 1. Hence when the ray LACK is given in poſition, K R is 
reciprocally as PI; becauſe the rectangle Ia x Tk is invariable. 

436. Corol. a. In the ſphere we have PI: IM:: NK: KR, which gives Fig: 45 
the focus R by placi R the ſame way with reſpe& to KN as [P lyes 
with reſpect ro IM. Toe we had IM Ia and KN Kd. And this Art. 432 
rule for the focus R is the very ſame as we had in the 236th article, when 
the rays paſs near the center of the ſphere. 

437: Corel. 3. Draw PS cutting the circle in B and D; and let S F be 
the focal diſtance of the ſphere; then if S P be longer than SF, while the 
arch BA increaſes, the line K R will decreaſe to nothing, till all the points 
N, C, K, R coincide together in the ſurface of the ſphere. For while BA 
increaſes, AM decreaſes to nothing, being always half the chord of the 
arch cut off by PA produced. And IM decreaſes faſter than AM; being 
firſt bigger, then equal to and then leſs than AM. But PI or PA σ Al * ar. 433 


increaſes ; becauſe PA always increaſes, while AT firſt decreaſes to no- 

thing, and then increaſes on the oppoſite fide to AP. Therefore KR or 

IM*x NX . : 
-—37— decreaſes to nothing. 

438. Corol. 4. If SP be leſs than the focal diſtance SF, whilethe arch 
BA increaſes from nothing, the negative line KR will firſt increafe to in- ' 
finity and then decreafe to nothing as before. For when A coincides with ' 
B, the points M, I coincide with 8, F; and while BA increaſes, M de- 
creaſes Þ till PI becomes nothing, and KR infinite e; after this KR de- b Art. 437. 


e 
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creaſes to nothing as before. % 435 
439. Corol. 5. Hence it appears that NR firſt increaſes to infinity and 
then decreaſes to nothing. 


440. Corol. 6. While VR is decreaſing the point R will enter the ſphere 
and return back again to irs ſurface before NR vaniſhes at the ſurface. 
In the line P take 27: IM:: NK: KC, and while AB increaſes, theſe 

Y 


two A 


ITN 
— 


a Art. 433. 
Art. 436. 


Fig. 426. 


* Art. 434. 


© Art. 423, 


| Fig, 427- 
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two ratios will at laſt become ratios of equality; ( beeauſe the laſt ratio 
of NC to Cd will be infinite*; ) therefore 27 will be leſs than PJ. But 
PI: IM:: NK: KR&*; and conſequently PIX KR=QIxKC,and PI 
QI: KC: KR, and therefore KR is leſs than KC; and ſo the focus R will 
enter the ſphere; and will return again to its ſurface, becauſe NR vaniſhes 
there, when the incident and emergent rays are tangents to the ſphere. |. 


PRO POSITION IX. 


441. Having the poſition of three given curves, betwixt four given me- 
diums, and ee the rays of a flender pencil in either of the outward 
mediums to be parallel, and to fall with any obliquity upon the curves, it is 
prepeſed to find their focus after all the refractions. 

uppoſing the focuſes a, d and 7, K to be determined by the 8th pro- 
poſition for two contiguous ſurfaces, as AB, CD; let the ray Cr E be 
refracted at the ſurface E Falong EfM; and let rays coming parallel to 
ME and CE have their focuſes at e and F after refraction at EF only; 
whereof e being the focus of incident rays upon the ſurface C D, fay as 
e K: Kd: : I: IL, and placing IL as uſual, the point L is the focus of 
the rays after three refractions that came parallel from without upon the 
curve EF*, Again ſay as Ke: E:: Ef: FM, and placing M as uſual, 
the point Mis the focus of other rays after three refractions, which came 
parallel from without upon the curve AB *. N. E. J. 


PRO POSITION X. 


442. Having the focus of a ſlender pencil of rays, incident with any ob- 
Equity upon any given number of curves betwixt given mediums, it is propo- 
ſedilo find the focus of the emergent rays. | 
Let I and / be the focuſes of rays, which before they emerged by re- 
fractions into the two outward mediums, went both ways parallel and ve- 
ry near to the given ray in either of the inner mediums, ſuppoſe CE; and 
let Land Mbe the focuſes of other rays, which before refractions through 
all the curves, came parallel to ME and LA reſpectively. Then let P be 
the given focus of the incident rays, L and I the focuſes of thoſe other 
rays which came the contrary way to the incident ones;. and by ſaying as 
PL: LI: : M: MS, and placing MS the ſame way with reſpect to M 
as LP lyes with reſpect LI, the point & will be their focus after all the 
refractions. | | 
This may be demonſtrated by the gth propoſition in the very fame man- 
ner as the 8th was demonſtrated from the 7th, or in the very words of the 
370th and 37 iſt articles. And by the method of thefe demonſtrations it 
appears that the rule here delivered for three ſurfaces ſerves univerſally 
for any, other number, But to avoid being tedious:I have omitted 2 
* | 2 
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caſes of theſe propoſitions, as I did of thoſe in the Bth chapter, ſuch as are 
mentioned in the 399th article. | 
Corol. 1. Hence when the ray PLACEMS is given in poſition, 

PL is reciprocally as MS, becauſe the rectangle under them is equal to 
the invariable rectangle under LI, TM. | 

444. Corol. 2. The ſame rules and demonſtrations will ſerve alſo for 
finding the focus of rays ſucceſſively reflected from any given number of 
curves, by quoting the firſt of theſe propoſitions inſtead of the fifth. 


DEFINITION OF A CAUSTICK 


445. When an infinite number of incident rays, AB, AB, &c. that lye pig. 428, 4% 
all in one plane of incidence, ſhall not belong to a ſingle point or focus after 
their laſt reflections or refractions, but ſhall cut one another in an infinite 
number of points; if a curve FFF be ſuppoſed of ſuch a ſhapeas to touch 
every one of the reflected or refracted rays BF, BF, &c. produced if need 
be, in the points F, F, &c. the curve FFFis called a Cauſtick by reflection 
or by refraction, according as the name is applied to reflected or refracted 
rays. 

| Corol. 1. Let any two tangents BF, BF interſect one another in 
G; and ſuppoſing theſe tangents to approach to one another till they co- 
incide, the points of contact and the point of interſection will alſo a 
proach to one another till they alſo coincide. It is manifeſt therefore that 
a reflected or refracted ray touches the cauſtick in that point of the ray, 
where its interſection with the next ray vaniſhed, when they were ſup- 
poſed to coincide. - 

447. Corol. 2. Therefore conceiving two incident rays infinitely near to 
each other to revolve about their focus A, in the plane of incidence, the 
focus F or interſection of the reflected or refracted rays will deſcribe the 
cauſtick above defined. Which is called a real or an imaginary cauſtick 
according as F is the focus of converging or diverging rays. To get an 
idea of the ſhapes of cauſticks formed by rays reflected from a circle or any 
curve, it is requiſite to conſider the different inclinations of the reflected 
rays to that diameter of the circle which paſſes through the focus of inci- 
dent rays, or to the axis of the curve. | 


LEMMA III. * 


448. Let Abe the focus of incident rays upon a circle 8 BH whole cen- pig. 430 ts 

ter is C. In the angle of incidence ABC, or in its complement to two 433. 

right angles, inſcribe a line AT equal to the incident ray AB ; and the 

reflected ray BF will be parallel ro AT, 5 
For the angles ABT, AIB, IBF are equal to one another. Q. E. D. uc. I. 5-29 
449. Corol. 1. Draw the axis AC, cutting the circle at right angles in 

g and B; and let the lines AL, _ touch it in Land L; and the * 

5 4 : 


Fig. 434. 


' EBBL which is concave towards the focus A, the conjugate 
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L. L will divide the circumference into two arches whereof LB L, the. 
remoter from A, will be concave towards A, and LGL the nearer to 4. 
will be convex towards it. And when the point B comes to L the point 7 
will alſo coincide with it, and ſo the reflected ray will proceed in the di- 
rection of the incident ray. 3 | 

450. Corol. 2. In the reflecting circle inſcribe two lines AH, AH ſeve- 
rally equal to AC, the diſtance of the focus from the center; and the 
rays that are reflected from the remoter arch HBH will all converge to- 
wards the axis AC; and thoſe which are reflected from the nearer arch 
HH will all diverge from AC; and the two rays, HF, HF, that are re- 
flected from the points H, H, being parallel to the axis AC, will divide 
the converging rays from the diverging ones. For ſuppoſing the ray AB 
to approach to AH and to coincide with it, the line AI will approach to 
ACand coincide with it; and then the reflected ray B F, which is always 


parallel to AZ, will now 1 to AC. But while AB is ſhorter 
I 


than AH or AC, the equal line A will alſo be ſhorter than AC, and con- 
ſequently will be ſituated on the ſame ſide of the axis AC as AB, and there- 
fore the reflected ray BF, being parallel to AT, will diverge from the 
axis AC. On the other hand while AB is longer than A Hor AC, the line 
AT will alſo be longer than AC, and conſequently will be ſituated on the 
contrary ſide of the axis, AC, to AB; and ore BF being parallel to 
AT, will now converge toward the axis AC. 

451. Corel, 3. Hence it is evident, that when the focus. A is nearer to 
the center of the circle than half a ſemidiameter, the rays reflected from 
the whole circle will all converge towards the axis AC. 


PrRoPosSrTION XI. 


Concerning the ſhapes and properties of cauſticks. by reflection. 
452. Caſe 1. Lœ Abe the focus of rays, and be out of the re- 


flecting circle L BLS; and let the lines AL, AL, touch it in L and L; 


and while the point of incidence B of the ray AB is deſcribing the arch 

— F of 
an infinitely ſlender pencil, will deſcribe a real cauſtick LFFL “*; and 
while the point of incidence g isdeſcribing the arch LES L which is con- 
vex towards the focus A, the conjugate focus & will deſcribe an imagi- 
nary cauſtick LSL“. The real and imaginary cauſticks are both con- 
tained within the reflecting circle; and each of them conſiſts of two ſi- 
milar and equal parts on oppoſite ſides of the axis AC, where each cou- 
ple of ſimilar parts unite, and form two cuſps or ſharp points at Fand $ 


on oppoſite ſides of the center C. All this appears by. the 402d article, 


by which BFB a=4 BRand Aa: 4 B:: BF: f F, and therefore the cau- 

ſtick's tangent BF increaſes continually while AB and Ag move from 

AL towards the axis AC. 
453- 
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453. Caſe 2. Let the focus Abe removed to an infinite diſtance; and Fig. 435. 
the cauſtick's tangent BF will _ where be equal to Bf or Baorone 
quarter of the incident chord Bg, ſuppoſed to move parallel to the axis 


454. 1 3. Let the focus A be in the circumference of the teflecting pig. 436. 
circle, and the cauſtick's tangent BF will be every where equal to one 
third of the reflected or incident chord A B*. For Bf or Ba being equal * Art. 402. 
to AB, we have Aa to aBas BftofFas3 to 1; and therefore fF= 
I AB which being added to Bf or r AB gives B FN AB. The ima- 

cauſtick is here vaniſhed and the parts of the real one come quite 

round to the focus Aand there touch the circle. | 

455. Caſe 4. Let the focus A enter the reflecting circle, but not ſo far Fig. 437. 
as Z of its diameter BB; and the rays reflected from the neareſt point g 
will diverge from an imaginary cuſp & in this diameter produ - 
wards a. Beſides this cuſp at $ and the correſpondent cuſp at E, formed by * Art. 207. 
reflections from the other end B of the ſaid diameter, there are two other 
cuſps R and Son oppoſite ſides of this diameter. Theſe three cuſps belong 
to the real cauſtick, which has alſo two legs RF, S F infinicely-extend- 
ed, that approach to two aſymptotes BF, BF; to which there alſo be- 
long two other legs & F, $F of an imaginary cauſtick approaching to 
their contrary fides, and extended contrary ways to the former. For let 
the point of incidence B revolve round the circle beginning from the near- 
eſt point g; and ſo long as the incident ray AB continues leſs than 3 of 
the incident chord BAB, the reflected rays will diverge from the imagi- 
nary cauſtick $F* ; and when AB equals + of its chord, the refle&ed-* Art. 402. 
ray becomes an aſymptote B F, or a tangent to the curve at an infinite di- 
ſtance b; and conſequently when AB is bigger than 2 of its chord, the b Art. 405; 
reflected rays will converge towards one another and form an oppoſite leg 
RF by the motion of their focus F; which firſt approaches towards the point 
of incidence B till it comes to a certain limit, and then recedes from it, 
as the incident chord grows ſtill longer; ſo that by means of theſe con- 
trary motions of F in the reflected ray B E, and of the gradual change of 
its inclination, a cuſp or point of retrogreſſion will be formed at R; after 
the manner that the cuſp or point of retrogreſſion is formed in the axis at 
F by the lengthening and ſhortening of BF, and by the continual change 
of its inclination.  _ 5 em 4 

456. Caſe 5. Let the focus A biſect the ſemidiameter g C, and the cuſp Fig. 437, 430. 
$ being now removed to an infinite diſtance e, the aſymptotes BF, BF c Art. or.. 
will coincide with the axis; and when A advances nearer to the center, 
the two legs RF, SP will meet at a finite diſtance A on the contrary 
fide of A; and ſo this cauſtick will have 4 real cuſps; and when Acomes 
into the center it will be contracted into chis ſingle point. WT 
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Fig. 439- 


a Art. 454- 


Fig. 440. 


Fig. 441+ 


174 CONCERNING CAUSTICKS BOOK 2. 
Cir 


7 J. * Caſe 6. Laſtly if the incident rays fall upon the oppaſite ſide of the 


e converging towards A, all theſe cauſticks will be the very ſame as 
before, except that the real and imaginary parts will change places. 
458. Some of theſe cauſticks may be deſcribed after the manner of de- 


ſcribing a cycloid. For example, in the third caſe where the focus A was 
in the circumference at A, and BF the tangent of the cauſtick was £ of 


the chord AB, of the reflecting circle; divide any ſemidiameter B C into 
3 equal parts CD, DE, EB, and with the center C and ſemidiameter 
O deſcribe the circle DX, cutting AC produced in K; alſo with the 
center E and ſemidiameter E D or EB deſcribe the circle B FD, cutting 
the reflected ray BF in F; then if the latter circle BF D be rolled, like a 
wheel, without ſliding upon the convexity of the former circle DK, the 
given point F, of the moveable circle, will deſcribe the cauſtick AFK. For 
Joining E F, ſince the equicrural triangles BE F, BCA are equiangular, 
and ſince BE is; BC, the line B is therefore 4 of BA; and conſequent- 
ly the point F is in the cauſtick*. And fince the angles DEF, DCK, 
which are the complements of the equal angles BEF, BCA, are equal, 
the arches DF, DK, deſcribed with equal femidiameters are alſo equal. 
459. The cauſtick of any curve, whoſe radius of curvity at every 
point is known, may alſo be determined by art. 402. For inftance, let 
AHZB be an equiangular ſpiral ſurrounding its pole 4; whoſe eſſential 
property is this, that while the revolving ray AB increaſes or decreaſes, 
the magnitude of the angle ABG, made by the ray AG and the curve at 
Bor its tangent BG, is invariable. Let the line GAC be always at right 


angles to AB and let it meet BC, perpendicular to BG in C; and in like 


manner as the point B of the moveable angle ABG deſcribes the ſpiral 
BH, ſo the point C of the equal angle AC B will deſcribe another equi- 


angular ſpiral AC Jabout the pole A. From hence it appears that C is the 


center and C the ſemidiameter of a circle of equal curvity to rize firſt 
ſpiral at B, becauſe it is perpendicular to it at Band a tangent to the other 
ſpiral at C. | 

Now ſuppoſing A the focus of incident rays upon the ſpiral AHB, the 
focus Fof the reflected rays, as BF, will deſcribe a third equiangular ſpiral 
AF, differing from either of the former in poſition only. For, from the 
center C of a circle of equal curvity to the ſpiral at B, let down the fines 
of incidence and reflection CD, CE upon AB, BF; and ſince D 
falls upon the focus A, the conjugate focus F will always fall upon E *. 
And becauſe AB, B E are equal, and equally inclined to the perpendicular 
BC and conſequently to the tangent BG, the line AF will be parallel to 
BG ; and fo the angle AFB, made by AF and BF, the tangent of the 
cauſtick at . will be equal to the invariable angle 4G. E. D. 

460. The length of any portion of a cauſtick formed by any reflecting 


curve, is equal to the ſum of the incident and of che reflected ray which 
termi- 


CHAR, 9. BY RET IETI. _ 
terminates one extremity of that portion, diminiſhed by the ſam of the 
incident and of the reflected ray which terminates its other extremity. 

Imagine the tangent BF to be a flexible line or ſtring, which being 
extended both ways does lap or unlap it ſelf upon the convexity of the cau- 
ſtick without ſliding, ſo as to meaſure the length of any portion of it to 
which it is applied. And having made the ſame conſtruction as in prop. 

1, fince the triangles B, B were there ſhewn to be equal, the incre-- 
ment h of the incident ray BA, is every where equal to the decrement þy 

of the ſtring B Fo, reckoning from any fixt point $. And if the point B 
moves the contrary way, the decrements of AB are every where equal to 
the increments of the ſtring. Taking therefore the correſpondent ſums of 
theſe increments or decrements, it follows, when AB, B Fare in any other 

place as Ap, 26, that when AB increaſes, AB- AB=SF + FBAS; 
hence by taking equal things from equal things, Ag + &$—AB— 
B Fg Fo, the portion of the cauſtick: and when A decreaſes, AB— © 
Ag =Fop + $&-FB; whence AB + BF-Ap—-p6=Fp. 

461. In thethird caſe when Ais in the circumference, it follows from Fig. 436. - 
the rule above that the length of the portion AF= AB + BF=+ AB: Fig. 435- 
and in the 2d caſe, when the incident rays are parallel, the portion LF 
DBA BFS DB, the line DB being half Bg. 

462. The denſity of the rays in any particle of a cauſtick may be deter- Fig. 442 
mined in this manner. Let the incident rays AB, Aò be reflected from a 
ſmall arch Bb of any curve B 1 whoſe axis is AI; and let the reflected rays 
touch the cauſtick F/ K in Fand F. With the center A and with any gi- 
ven ſemidiameter AC deſcribe an arch Cp P cutting the incident rays AB, 

Ab'in P and p, and the denſity of the rays in the ſmall arch Ff, will be 
to the uniform denſity of the ſame rays in the arch Pp as Pp to Ff. For 
ſuppoſing all the rays incident upon the arch Bh to be regularly reflected, 
the ſame number of rays will exit every moment in the lines Pp, FV; 
and conſequently their denſities in theſe lines are reciprocally as their 
lengths. Hence if the magnitude of the arch Pp be ſuppoſed invariable, 
the denſity of the rays in the particle EF will be reciprocally as.its;length. 

463. Draw the lines PQ, FG perpendicular to the axis A, and wen 
the Whole figure is turned about this axis, all the rays that flow from A 1 
and are reflected from the ſurface deſcribed by the curve BI, wilb touch 
a ſuperficial cauſtick deſcribed by the circular motion of the linear cau- 
ſticx E FFK; and the denſity of the rays in any part of this cauſtick de- 
ſcribed by a ſmall arch Ff, will be to the uniform denſity of the incident 

rays in the ſpherical ſurface deſcribed by the arch C Pp, as theirectangle 
under Ppand Po the rectangle under Fand FG. For tlie ſame num- 
ber of rays exiſts. every moment in the rings deſcribed: by the circular mo- ; 
tion of the lines Pp, Ef; and their denſities, being uniform in each ting, \ 
are reciprocally as the magnitudes of the rings. But the ring Re ru/ 
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Pp is equal to the rectangle under Pp and the periphery deſcribed by th 
4 2 and the ring deſcribed by FF e — 4 e rectangle and 
and the periphery deſcribed by the point F; and ſince the ratio of theſe 
peripheries is the ſame as the ratio oftheir ſemidiameters, the former rect- 
angle is to the latter as Py PN to Ffx FG. © i | 
464. To give an inſtance or two of this latter rule, let the reflecting 
ſurface ABT be ſpherical and let the focus Abe in this ſurface whoſe cen- 
ter is C; and let the ſemidiameter AP equal AC. And the denſity of the 
rays in the ſuperficial cauſtick at F, will be to the uniform denſity of the 
incident rays in the ſpherical ſurface CP, as the ſemidiameter AC to * of 
the ordinate FG. For the length of the portion AE E, of the linear cau- 
Art. 461. tick, is equal to + AB® and conſequently the leaſt increment or decre- 
ment of this cauſtick is equal to + of the increment or decrement of AB, 
| that is Ff=+ 598. Draw CD ee to AP and we have CDequal 
to PY, both being ſines of the ſame arch CP. And becauſe the triangles 
| PpA, BAA, and alſo BJb, BCD are fimilar, the ratio of Pp to F,, be- 
ing ee of Pp to B, B to hd and 5 to F,, is compounded of 
AP to Ah or 25 D, B D to C Dand 3 to 4, which make the ratio of 3AP 
to 80D or 8 P. Therefore by the rule the denſity at F is to the denſity 
pa So C(as PpxPQto Ffx FO) aS 3APxX POS PQX FG, or as AC 
to £ FG, rH 
465. Hence drawing BH perpendicular to the axis ACT, the denſity 
at Fin the ſuperficial cauſtick, is as its ordinate FG, or as the 9 un- 
der BH and HI. For ] find that FG is to BH as H to 4 IC, which is 
not worth the trouble of a demonſtration. Hence it appears that the den- 
jity of the rays in the axis at K and A, is infinitely greater than at any fi- 
nite diſtance from it. | TO ' 
Fig. 4432 466. When the focus A is at an infinite diſtance from the reflecting 
22 ſurface L BI, the denſity of the rays at any point Fof the ſuper- 
ficial cauſtick, deſcribed by the revolution of the linear cauſtick LFK 
about the axis ACT, is to the uniform denſity of the incident rays u 
a perpendicular plane CDL, as BD to FG, that is as the coſine of the 
angle of incidence to the ordinate drawn from the point F. For the por- 
* An. 461. tion LEF of the linear cauſtick is equal to + B D*; and therefore Ef 
25%. But Pp is to Ef in a ratio compounded of Pp or Bi to B and of 
$9to Ff, chat is of BD to DC and of 2 to 3. Therefore the denſity at F 
An. 463. is to the denſity at Das [ Pp⁵N PNA to Ffx FGO chat is as) 2 B DX Po 
3CDxXFG, or as BD to L FG. | ; 
| - 467. Hence the denſity at F is as BD directly and FG inverſely; or 
as B directly and CD cube inverſely. For I find that FG is to CD as 
CD to CI. Hence it ap that the denſity of the rays at the cuſp K 
is infinitely greater than when the ordinate FG has a finite magnitude. 


468. 
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468. By theſe rules we have the proportions of the heat or warmth of 
the rays in the ſeveral es of theſe cauſticks, both with reſpe& to one 
another and to that of the incident rays upon a dicular ſurface ; up- 


on ſuppoſition that the heat of the rays in any ſurtace is proportionable to 
their denſity, whatever be their mutual inclinations to one another. 


LE MM 1 


469. In the angle of incidence ABC or its complement to two right Fig. 444-445- 
ones, inſcribe a line AT taken in een to AB as the fine of inci- 
dence to the fine of refraction; refracted ray BF will be parallel 


to AL. - | L 
For in the triangle 4B I, the fine of the angle ABI is to the fine of 
the angle AI as AT to AB*, that is by conſtruction as the fine of inci- Art: 221- 
dence to the fine of refraction. But ABT is the angle of incidence or its 
complement to two right ones, arid therefore ALB or IBF is the angle 
of refraction or its complement to two right angles. ; 
It muſt be obſerved that a circle whoſe center is A and ſemidiameter is Fig. 446- 
ATI, will cut BC produced in two points IJ and i, and conſequently two 
lines BF, Bf may be drawn from B reſpectively parallel to AI and Ai, 
making equal angles with Ci on each fide of B; but it is eaſy to diſtin- 
iſh which of the lines BF, B { deſcribed by the refracted ray, by ob- 
kau whether the refraction be made towards the perpendicular BC or 
om ĩt. 
470. Corol. 1. Hence when the ſurface of the denſer medium is convex Fig: 4. 
in the axis AC take CT to T as the fine of incidence to the fine of re- 
fraction; and if CA be greater than CT, all the rays falling on the circle 
D will converge towards the diameter C D. For then the ratio of CA to 
AB will be always nearer to a ratio of equality than the ratio of CT to TD 
or of TA to AB by conſtruction; and conſequently IA and AB will al- 
ways be on contrary ſides of the axis AC, and therefore BF will always 
converge towards it; and will cut it in greater angles while D B grows 
cater. ; 
07 1. Corol. 2. But if CA be leſs than CT, let the incident ray AH be rig. 447,448. 
to AC as the fine of refraction to the fine of incidence, and the refracted 
ray HF will be parallel to the axis; and all the rays whoſe points of inci- 
dence are farther from the axisthan H will converge towards the axis and 
the reſt that are nearer will diverge from it. For in the triangle ACH the 
fine of the angle AHC is to the fine of the angle ACHor of CH Fas AC 
to AH, or in the ratio of refraction; therefore CHF is the angle of tre- Ar. 221. 
fraction. Now if AB be farther from the axis than AH, then AT and 
AB muſt be on contrary fides of the axis, to be in the ſame ratio as AC 
to AH; and therefore BF being P_ to A Iconverges towards the * 
| c 


Fig. 449. 


Fig. 450- 
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But when AB comes between AH and AC, then AT muſt do ſo too, and 
ſo BF will diverge from the axis. e tt 

472. Corol. 3. When the incident rays enter a convex ſurface of a den- 
ſer medium, ere& CE perpendicular to the axis C D, and let CE be to 
the ſemidiameter C D or CK, as the fine of refraction to the fine of inci- 
dence ; then draw EX paralletto the axis, and let K L touch the circle in 
K and cut the axis in L; and if CA be leſs than CL, all the rays which 


eame from A will diverge from the axis after refraction. Becauſe the tan- 


gent LK will be refracted into K E. But when the rays go from the den- 
ſer medium into the rarer, let CK, erected perpendicular to the axis, be 
the diameter of a ſemicircle CEK, in which inſcribe CE in proportion 
to CK as the fine of incidence to the ſine of refraction; and drawing KE. 
cutting the axis in M, if CA be leſs than CM, all the refracted rays will 


diverge from the axis. For MK will be refracted into the tangent K F. 


Fig. 45t- 


Fig. 452: 


a Fuc: VI. 8. 


Art. 221. 


Fig. 453, 454. 


Axt. 221. 


The reſt appears from the 2d corol. If in this laſt caſe A advances firſt to 
the center and then ſtill nearer to the ſur face, the rays flowing from the cen- 
ter will emerge unrefracted, and then will diverge from the axis che con- 
trary way. 

473.“ Corol. 4. It is obſervable, that taking CA, CB, CG continual pro- 
portionals in the ratio of the ſine of incidence to the ſine of refraction, and 
placing A and G both on the ſame fide of C in the denſer medium, all the 
refracted rays will diverge accurately from the given point G. For the 
triangles CAB, C BG are equiangular, having their fides about the com- 
mon angle C proportionable * : and ſo the fine of the angle of incidence 
CBA, is to the fe of the angle CBG or CAB, as the oppoſite fide C4 
to the oppoſite ſide CB, that is by conſtruction in the ratio of the fines. 
that meaſure the refraction; and conſequently CB is the angle of re- 
fraction; and the points A, G are inyariable, 

474. Corol. 5. If the incident rays as AB come parallel to CD; in the 
angle BCD, or its complement to two right ones, inſcribe a line D Ttaken- 
in proportion to DC as the fine of incidence to the fine of refraction; and 
the refracted ray BF will be parallel to DJ. For in the triangle DC the 
fine of the angle DCI, is to the fine of DIC, as DI to DC, that is by 
conſtruction as the fine of incidence to the fine of refraction. But DCT is. 
equal to the angle of incidence ABI or its Te ee to two right ones; 
and therefore DIC or FBC is the angle of refraction or its complement 
to two right ones. at if wy AE LI} * 

475. Corol. 6. Hence we have a practical method. of drawing any num- 


4 ber of refracted rays very expeditiouſly, by deſcribing an arch with the 
center D and given ſemidiameter DI; by drawing. any line C B cutting 
this arch in 1; by joining D and drawing BY parallel to it. * 


476. Corol. 7. Hence while the arch D increaſes, the line C Flecttalcs. 


For the triangles CFB, CDT being equiangular, we have CF:.CB:: CO 
CL T e CF is reciprocally as CT. 437- - 


- 
bed des + oe * * 2 * 7 „ „ 
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477. Corol. 8. When the incident rays diverge from a focus A, the Fig 455.456. 
refracted rays may be drawn with the like expedition in this manner. Take = 
a line DIto DC as the fineof incidence tothe fine of refraction; and draw 
a ſemidiameter Cd parallel to the incident ray AB; and in theangledCB, 
or in its complement to two right ones, inſcribe a line di taken equal to 
the conſtant line DI; and draw the refracted ray parallel to 47. For in 
the triangle 4 Ci, the {ine of the angle 4Ci is to the ſine of di C, as di to 
dC, as the ſine of incidence to the fine of refraction, by conſtruction. But 
the angle 4 Ci is equal to the angle of incidence ABC or to its comple- 
ment, and therefore di C or FBC is the angle of refraction or its com- 
plement. | 
PRoPosSITION XII. 


475. Concerning the ſhapes and pens cauſticks by refraction. 
ving determined the poſition of any refracted ray, by the foregoing 
lemma and its corollaries, and alſo the point in that ray where the near- 
eſt ray will interſect it, by art. 423 ; the points of a cauſtick are thereby 
determined . But to form an idea of their ſhapes it is neteflary to conſider a Art. 446. 
ſeveral caſes. x28 bp: Cor 
479. Caſe 1. Let the focus A and the center C of a refracting circle Fig. 457,453: 
EBE be both in the denſer medium. Upon thediameter AC having drawn 
a circle A DCD, inſcribe in it the equal chords CD, CD, taken ſeverally 
m 8 to the whole fine CB or CE, as the ſine of incidence to the 
fine of refraction; and drawing the incident rays ADE, ADE, the legs 
of the cauſtick will begin from Eand E*, where they touch the refract- Art. 420. 
ing circle, and will approach towards each fide of the axis AC Fill they 928 
meet it in the principal focus F, and there form a cuſp or ſharp point; 
ovided A be farther from the center than a the focus of rays that come 
contrary way parallel to CA. But if A advances to a, the diſtance F 
will be infinite and ſo the axis AC F will become an aſymptote to the legs 
of the cauſtick. And if A advances nearer than a, the legs will open and Fiz. 455. 
have two aſymptotes B E, BF to which the rays emerging from B will run 
parallel. This muſt neceſſarily happen in a certain poſition of BA, that is 
when „ r the contrary way parallel to FB, are collected to A. 
For the focal diſtance of parallel rays decreaſes as the point of incidence 
recedes from the axis till it equals ED *. There are alſo two other ima- Art. 420. 
ginary legs belonging to the fame afymptotes, that extend themſelves 
from the focus F, now fituated on the — ſide of the center. 
480. Cafe 2. When CA is to CBas the fine of incidence to the fine of 
refraction the cauſtick will be contracted into a point F from which all 
the rays will diverge by art. 473. | x XY 
481. Caſe 3. The 45gth figure repreſents a Free of a cauſtick made by 
a thick plano-convex lens BBB when a pencil of parallel rays axed ta 
1. Z 2 pendicu- 


. 
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pendicularly upon its plane ſurface; and conſequently are only refracted 
by the ſpherical ſurface; the poſition of the refracted rays that fell upon 
the circumference of the lens is determined as in the next caſe. 
_ 460,461, 482. Caſe 4. While Cremains in the denſer medium, tranſpoſe the fo- 
: cus A into the rarer, and draw the tangents AD, AD to the refracting 
circle PB D and joyn CD, CD upon which as diameters deſcribe the ſe- 
micircles CE. D, CE D towards the denſer medium, and inſcribe in them 
the lines CE, CE, taken in proportion to the whole ſine CD, as the fine 
of refraQion to the fine of incidence. And the legs of the cauſtick begin- 
Art. 420. ning from E in the direction DE, DE will approach towards the axis. 
5 AC, till they meet inthe principal focus F; provided C Abe greater than 
Ca; or will have the ſame poſitions as in the firſt caſe. 
Fig. 460. 483. The focus A being in the rarer medium, let the circle D BD be 
continued quite round, and let it cut the cauſtick in Fand F, the axis 
IC in and any other ray AB Fin h; and while the ray AB is carried with 
an angular motion round about A from the axis AC towards the tangent 
AD, the arch G4 will firſt increaſe till it equals the arch GF, and then 
will decreaſe again till it equals the arch Gi, cut off by the laſt refracted 
ray DE:. This is manifeſt from the motion of the refracted ray BF 
while it touches the convexity of the cauſtick in F, provided the focus A 
be ſo remote from the ſurface that the laſt refracted ray DEi may con- 
verge towards the axis AC. : | 
Fig. 463. 484. Cauſticks made by refractions at other curves are alſo determina- 
ble by the 423d article. For inſtance, the imaginary cauſtick AFK made 
by refractions at an equiangular ſpiral AH is alſo an equiangular ſpiral, 
. their common pole A being the focus of incident rays. For ſuppoſing 
a Art. 459- What has already been ſaid of this curve a; from the center C of a circle 
of equal curvity to it at B, let down the fines of incidence and refraction 
CD, CE upon the incident and refracted rays AB and B FI produced 
TIE backwards. And becauſe D coincides with the focus A of incident rays, 
b Art. 413, E does alſo coincide with F the focus of refracted ones b. Joyn AE or AF, 
#3" and becauſe the angular points A and E of the right angles CAB, CEB 
Eue. III. 35. are in a ſemicircumference whoſe diameter is CB, the angles CBA, CEA 
Euc. VI. 23. ſtanding upon the ſame chord CA are equal and being ſubſtracted from 
| the right angles CB G, CET, the remaining angles ABG, AE, which 
the lines AB, AE or A do make with the curves, are every where e- 
qual; which is the property of the ſpiral. So that this cauſtick-ſpiral 
differs from the other in poſition only. | 
485. To find the fan of any cauſtick by refractions, imagine the 


Fig. 464 Tefleted ray BF produced, to be unlaped like a ſtring from the convexity 
d Art. 421 of the cauſtick Fo; then becauſe the figures 5 dB, CDE are ſimilar d, 
the increment 350 of the incident ray AB, is every where to the decrement 
by of the ſtring BF, in the given ratio of the ſine C D to the fine Go 

| | | Ir 


demonſtr. 


ch Ap. 9. "BY REFRACTION. | x81 
(for which put # to m;)and therefore when 4 B, B Feome intoa new 


fition Ag, Bp, the ſum of the increments of AB, that is AP— AB, — 
the ſum of the decrements of the ſtring, that is BF Fo- 80, as n to n. 


Whence = x AB-AB=BF + Fe -g, or * AB- AB —+ Bp— 


BF Fo. 

486. To find the points of any cauſtick made by two ſucceſſive refrac- Fig. 467 
tions, let the ray Bb which touches the cauſtick EFF in F, (made as 
before by the firſt refraction of the rays), meet with another refracting 
curve GhF, or with the ſame curve continued; and let it be refracted at 
þ into the line hd; in which let bd be the focal diſtance of other rays com- 
ing parallel to Bh, and in h B let hc be the focal diſtance of other rays 
coming parallel to 4h ; then fince F is the focus of incident rays upon 
the curve h G, ſay as Fc: ch:: bd: dt, and placing d as uſual, = point * * 
& will be the focus of a ſlender pencil after both refractions, or a point of 
the ſecond cauſtick KF; whoſe points may alſo be found by art. 434 
and 4.36, without finding the points F of the firſt cauſtick. i 

487. Hence it will appear that a cauſtick made by refractions through Fig. 465. 

a circular ſection of a cylinder or a great circle of a ſphere, will have ſuch 
a ſhape as is here repreſented. Each half of this cauſtick on each ſide of 
the axis ACK conſiſts of two arches Kk F/ and /kz, that are convex to- 
wards one another and form a cuſp at / within the circle. The arch Kl 
of the ſecond cauſtick cuts the circle in the ſame point F as the firſt cau- 
ſtick does. For by the proportion above, when 5 points F, þ coincide, 
or when Fc equals c, then hd and d& are alſo equal. The reaſon of the 
cuſp at / is this; that while 5 is increaſing, and then decreaſing again, 
the point + is continually approaching towards G *. The arches K F/ and Art. 483. 
Ii are convex towards one another, becauſe the emergent ray, while its 

int of contact is moving from K to F, to / and to i, cuts the axis CK 
in greater and greater angles, till at laſt it emerges at i in a tangent to the 
circle and to the cauſtick too. When the focus of incident rays is nearer to 
the ſphere than its focal diſtance, the ſecondary cauſtick FK will have 
on aſymptotes like as the primary one; and their ſhapes will be much 

e. 


_ Craps 
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469. 


Art. 183 &c. 


182 CONCERNING THE RAIN-BOW, BOOK.25 
4H} 7 n 6 03197 oN Niet N 
Sei AM it: Cn APT ER X. 
Concerning the Rain-bow, 
PRO PHOSITION I. 


488. HEN @ ray of light is refracted into a circle, and ſucceſſively 
g reflected within it any given number of times before it emer- 
ges but of the circle by a ſecond ręfraction; let the angle refraction be 
multiplyed by the number of ſucceſſive pern increaſed by an unite; and 
the exceſs of the reſulting angle above the angle incidence will be equal to 
half the angle contained under the incident and the emergent ray produced till 
they meet : that is, the exceſs abovementioned is equal to balf that angle, under 
the incident and the emergent ray, in which the refratting wary ves when 
the number of reflettions is odd; and is equal to half the other angle, under 
the Jame rays, which is the complement of the former to two right angles, 
when the number 0 I is even. | | 
For let ABCDE be a great circle of a ſphere whoſe center is.O, and 
let an incident ray SA be refracted at A to B, and be reflected from B to 
C; and at C let it either go out by refraction to G, or be reflected to D*; 
where let it either go out by refraction to Hor be reflected to E; and ſo on. 
And when the number of refle&ions is odd, a line OR drawn thro 
the center O and the middlemoſt point of reflection, will biſect the an 
at R under the incident and the emergent ray produced: becauſe the re- 
flections and refractions on each fide of the line O R are equal in number 
and magnitude; the chords AB, BC, CD, D E deſcribed by the reflect- 
ed ray being de to one another. And for the fame reaſon when the 
number of reflections is even, a line OT, drawn through the center O 
p pendicular to che chord that joins the two middlemoſt points of re- 
lon, will biſe& one of the angles at T under the incident and the emer- 
gent ray produced; and a line TY, perpendicular to TO, will biſect the 
ther angle under them, which is to complement of the former to two 
right ones. Hence the line TV is parallel to the middlemoſt chord, be- 
cauſe T © is perpendicular to them both. Draw a diameter PO parallel 
to the incident ray SAM, and let it cut the reflected rays BC, CD, DE 
produced, in g, Y, d, reſpectively. Join OA, OB and in fig. 466 the ſums 
of the three angles in each of the triangles OAB, OAR, are equal to one 
another; take away the common angle AO B, and the ſum of the e- 
qu3l,agglcs OAB, OBA in the firſt triangle, will be equal tothe ſum of 
e angles OAR, ORA in the ſecond triangle. And by ſubſtracting the 
angle of incidence OARor OA M from both ſums, we have 20AB-OAM 
=ORA=ZBOY, Hence in fig. 467. the angle STY or P&C, GG 
exter 


— 
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external angle of the triangle O Bg, equals OBC —+ BOQ=O0AB-—+ 
20AB—-OAM=30AB—-O0AM. Hence again in fig. 468 the angle 
SRO or POC, being an external angle of the triangle OC g, equals OCB 
—+ PEC=OAB + 30QAB-OAM=40AB—-OAM. Hence again in 

fig. 469 the angle ST/Y or PyD, being an internal angle of the triangle 
CO, equals OCD—COy=5;0AB—O0AM, throwing away two right 
angles. For COy=2 right angles- POC= 2 right angles = 40AB —+ 

OAM. And ſo forward continually. Therefore if the number of ſucceſ- 

five reflections increaſed by an unite be called m, it appears that mOAB: 


— 7 M equals half the angle under the incident and emergent rays, 
2E D. | 


PrRoPOSLITION II. 


489. Things remaining as they were, let the angle 4 mcidenre increaſe” 
from nothing till it becomes a right angle; and the angle under the incident 
and the emergent ray, after any given number of reflectians called n, will firſt 
increaſe and then decreaſe again; and will be the greate of all when the 
tangent of the angle incidence, is to the tangent of the angle of refraction, as 
n—+F70 3. | 

For putting n 1, we had half the angle under an incident and Fig. 466 to- 
the emergent ray equal to the exceſs of OA above OA M“; which ex- ES. ; 
ceſs, when the angles OAB, OAM are very ſmall, will alſo be bur ſmall; 44% 
and will increaſe ſo long as the ſucceſſive increments of OA ſhalt ex- 
ceed the contemporary increments of OAM; and will. decreaſe again when. 
the ſucceſſive increments of OA are exceeded by the increments of 
OAM; and conſequently will be the greateſt of all when times the 
leaſt increment of OA is equal to once the contemporary increment of 
OAM,; that is when the leaſt increment of the angle of incidence OAM 
is to the contemporary increment of the angle of refraction OAB, and. | 
conſequently the tangent of incidence is 71 tangent of refraction , as Art. 421. 
mn to f. Q. R D. ee Fl | T4 
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490. 1t is propoſed to find two angles, whoſe fines ſhall be im a given ratio. 
of Eto R, and whoſe tangents ſhall be in another given ratio of m t 1... OY 
In any given line CE DA, let CA be to CD as I to R, and CA to CE Fig: 475: 
as m to 1; with the center C and ſemidiameter C D deſcribe an arch DB, 
cutting a circle ABE whoſe diameter is AE, in B; draw Ah F, and join- 
ing BC, the ſine of the angle CBF will be to the fine of CAF as Ito R 
and the — hy of CBF to the tangent of CA as m to 1; and gonſe- 
quently CBF, CAF are the angles required. For in the triangle- A 


the fine of the angle CBA or CB, is to the fine of CAF, as CAto CB® » ar. 225. 


or 


— a ——22ůͤ —„——ͤ — 
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or CD, as I to R by conſtruction. Join BE and compleat the paralleto- 

gram CEBG; and CG produced will cut ABF at right angles in F, be- 

cauſe ABE is a right angle in the ſemicircle ABE. Therefore the lines 

FC, FG are tangents of the angles CB F, GB For CAFto the radius BF; 

® Euc. VI. 2. and the tangent FC is to the tangent FG as FA to FB“ or as CA to CE 
or as m to 1 by conſtruction. , E. P). 

491. Corol. 1. When parallel rays of che ſun fall upon a ſpherical drop 
of rain, let the given ratio of I to R ſtand for the ratio of the fine of inci- 
dence to the ſine of refraction; and let be any given number of ſucceſ- 
ſive reflections made by every ray before it emerges out of the drop, and 
let m=n —+ 1; and by theſe propoſitions it appears, that half the great- 
eſt angle which any of the emergent rays can make with the incident rays, 

is equal to mxang.CBF—CAF. For CBF and CAF or GB Fare an- 

gles whoſe fines are as I to R, and whoſe tangents are as m to 1; and con- 

„ are the angles of incidence and refraction of that ray, whoſe in- 
eident and emergent parts produced contain the greateſt angle. 

492. Corol. 2. The foregoing conſtruction for 8 the angle 

2 Phil, Tranſ. CBF is Dr. Halley's*, and Sir Iſaac Newton's rule for calculating it, is 


N'-297- this that follows. As nm IXRR is to VI N, ſo is the tabular 
radius to the coſine of the angle of incidence CB F. Whence this angle and 
its fine are given by the tables, and from thence by the ratio of I to R 
the tabular ſine of the angle of refraction and the angle it ſelf are alſo gi- 
ven. The rule may thus be demonſtrated. We had CA: C B:: I: R and 


FA: FB:: n: 1. Hence C :=— CB*, and AF? =mmBF* ; and fo 
due. .. Ir CB* —mmBF* (CA. —AF* =FC** =) CB* —BF*, Hence 
= CB* CB. =mmBF* — BF*, and IT- RRXCB* =mm —=1% 


RRXBF* ; and by reſolving this equality into a proportion, and by ex- 


tracting the roots, we have / = RR: VRR :: CB: BE:: 
radius: coſine ang. CBF. 


PRoPosSITION IV. 
To explain the Pbænomena of the Rain-bow. 


Deſign. 493. Having premiſed ſuch mathematical principles as are neceſſary 
| for an exact computation of the apparent diameters and breadths of the 
Rain-bows, I wilt here ſubjoin Sir Jaac Newton's entire explication of 

the colours of the bows and of the manner in which they are formed ; 

taking the liberty here and there of making a few additions to it; for the 

lake of ſuch readers as may not be ſo ſkilful as thoſe that he generally 


Writes to, 
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- 494. This bow never appears but where it rains in the ſun- ſhine, and Newt. Or. 
may be made artificially by ſpouting up water which may break aloft, * *#7” 
— Jcatter into drops, and fall down like rain. For the ſun ſhining upon 
thele drops, certainly cauſes the bow to appear to a ſpectator ſtanding in 
a due poſition to the rain and fun. And hence it is now agreed upon that 
this bow is made by refraction of the ſun's light in drops of falling rain. 
This was underſtood by ſome of the ancients, and of late more fully diſ- 
coyered and explained by the famous Antonius de Domints Archbiſhop of 
Spelato in his book de Radiis Viſus & Lucis publiſhed by his friend Bar- 
tolus at Venice in the year 1611, and written 5 20 years before. For he 
teaches there how the interior bow is made in round drops of rain by two 
refractions of the ſun's light, and one reflection ere ie and the ex- 
ter or bow by two refractions and two ſorts of reflections between them 
in each drop of water; and proves his explications by experiments made 
with a phia full of water, and with globes of glaſs filled with water, and 
2 in the ſun to make the colours of the two bows appear in them. 
The ſame explication Des-Cartes has purſued in his Meteors and mended 
that of the exterior bow. But while they underftood not the true origin 
of colours, it is neceſſary to purſue it a little farther. 
495. For underſtanding therefore how the bow is made, let a drop of 
rain or any other ſpherical tranſparent body be repreſented by the fohere 
BN FG deſcribed with the center C and ſemidiameter CN. And let AN pig. 471. 
be one of the ſun's rays incident upon it at N, and be thence refracted to 
F, where let it either go out of the ſphere by refraction toward V, or be 
reflected to G; and at & let it either go out by refraction to R, or be re- 
flected to H; and at let it go out by refraction towards &, cutting the 
incident ray in T. Produce AN and RG till they meet in X, and upon 
AX and MF let fall the perpendiculars CD and CE, and produce CD 
till it falls upon the circumference at L. Parallel to the incident ray AN 
draw the diameter B and let the fine of incidence out of air into wa- 
ter, be to the ſine of refraction as I to R. Now if you 41 the point 
of incidence N to move from the point B continually till it comes to L 
the arch QF will firſt increaſe pa! pod decreaſe, and fo will the angle 
AXR which the rays AN and GR contain; and the arch QF and angle 
AXR will be biggeſt when ND is to NC as VII- N to /; RR, in 
which caſe NE will be to ND as 2Rto J. Alſo the angle AYS, which 
the rays AN and HS contain will firſt decreaſe and then increaſe ; and 
grow leaſt when ND is to NC as VII- RR to 8 RR, in which caſe 
NE will be to ND as 3R to 1; and ſo the angle which the next emergent 
ray (that is the emergent ray after three reflections) contains with the in- 
cident ray AN will come to its limit, when ND is to NC as -N 
to yI;RR; in which caſe NE villbew NDu4&i ane 
: a | w 
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which the ray next after that emergent, (that is the ray emergent after four 


reflections) contains with the incident, will come to its limit, when VD 


is to NC as VII- RN to y24RR; in which caſe NE will be to ND 
as 5R to J; and ſo on infinitely, the numbers 3, 8, 15, 24, &c. being ga- 
thered by continual addition of the terms of the arithmetical progreſſion 
3» 5, 7, 9, &c. The truth of all which is evident either by art. 492. or by 
art. 429, 430. 3 3 ; 
496. Now it is to be obſerved, that as when the ſun comes to his tro- 
picks, days increaſe and decreaſe but a very. little for a great while toge- 
ther ; ſo when by increaſing the diſtance CD, theſe angles come to their 
limits, they vary their quantity but very little for ſome time together; 
and therefore a far greater number of rays which fall upon all the points N 
in the quadrant BL ſhall emerge in the limits of theſe angles than in any 
other inclinations. Add to this, that of all the rays which fall upon the 
quadrant BE, thoſe contiguous ones can only emerge parallel to one ano- 
ther, which emerge in the limits of theſe angles; and that all other con- 
tiguous. rays emerge diverging from pe either behind or before the 
drop; and conſequently will fall much thinner upon the eye, at a great 
diſtance from the drop, than the parallel rays. For thoſe rays which con- 
verge to points behind the eye, PRIN at a preat diſtance from a ſmall 
drop, are not ſenſibly different from parallel rays. This will appear by 
obſerving that while the arch BN is continually increaſing from nothing, 
and the angle AXA R, for example, is alſo increaſing; the ſucceſſively e- 
mergent rays, being continually leſs. and leſs inclined'to the incident ones 
or to the fixt line BY, are alſo ſucceſſively inclined in fmall angles to 
one another; and the ſame thing is manifeſt while the angle AXR is de- 
creaſing ; the ſucceſſive rays being more and more inclined to PQ con- 


ſequently in the limit between the increaſe and decreaſe of this angle the 


contiguous incident rays muſt emerge parallel to one another. 
97. And farther it is to be 8 that the rays which differ in re- 
frangibility will have different limits of their angles of emergence; and 
by conſequence according to their different degrees of refrangibility, e- 
merge moſt copiouſly in diferent angles; and being ſeparated from one 
another appear each in their proper colours. Add to this that although 
the heterogeneal rays of any {lender pencil whatever, as AN, will be ſe- 
een by refractions at the drop into rays NFG R of one colour, and 
NMygr of another, as by refractions through a priſm; yet theſe emergent 
rays GR, gr will not affect the eye with their diſtinct colours, unleſs they 
be in the Jimics of the angles AXR, Axr; becauſe every where within 
theſe greateſt angles, an infinite number of fuch coloured pencils being 
variouſly inclined to one another are mixt together, and conſequently ax 
pear white or without diſtinct colours. And the ſame may be ſaid of the 
rays emerging any where within the greateſt angle NTS. Fig. 471. 1 


EMAP, 10, CONCERNING THE RArN-Bow, 87 
499. Now what theſe angles are may be gathered firſt by computing 
the angles of incidence and refraction by art. 492 or 429and 430, and then 
the angles AX G, AY'S themſelves by the 488tharticle. For in the leaſt re- 
frangible rays the fines I and R are 108 and 81 *, and thence by compu- * Ar. 179 
tation the greateſt angle AXR will be found 42 degrees and 2 minutes; 
and the leaſt angle AY'S, 5o degrees and 57 minutes. And inthe moſt re- 
frangible rays the fines I and Rare 109 and 8 1, and thence by computa- 
tion the greateſt angle AXR will be found 40 degrees and 17 minutes, 
and the leaſt angle AYS, 54 degrees and 7 minutes. | 
499. ſe now that O is the ſpectator's eye, and OP a line drawn Fig. 454. 
page to the ſun's vi POE, — PO G, . of 
40 degr. 17 min.; 42 deg. 2 min.; co deg. 57 min.; 54 deg. 7 min. 
reſpectively; and theſe angles turned have . ſide GE, hall 
with their other ſides OZ, O F and OG, OH deſcribe the verges of two 
rain-bows AFBE and CHDG. For if E, F, G, H be drops placed any 
where in the conical ſuperficies deſcribed by OE, OF, OG, O Hand be 
illuminated by the ſun's rays S E, S F, SG, SH; the angle - S EO being 
equal to PEO or 47 deg. 17. min. ſhall he the greateſt angle ii; which the 
moſt refrangible rays can after one reflection be refracted to the eye; and 
therefore all the drops in the line OE ſhall ſend the moſt refrangible rays 
molt copioully to the eye; and thereby ſtrike the ſenſes with the deepeſt 
violet colour in that region. In like manner the angle S FO being equal to 
the angle PO For 42 deg. 2 min. ſhall be the greateſt in which the leaſt 
refrangible rays after one reflection can emerge out of the drops; and there- 
fore theſe rays ſhall come moſt copiouſly to the eye from the drops in the 
line OF, and ſtrike the ſenſes with the d red colour in that region. 
And by the ſame argument the rays which have intermediate degrees of 
tefrangibility ſhall come moſt copiouſly from drops between E and Fand 
ſtrike — with the intermediate colours in the _—_— which 9 * 
rees of re ibility require; that is in the progreſs from E to For 

2 the inſide of the —— to the outſide in hes 3 violet, indigo, 
blue, green, yellow, orange, red. But the violet by the mixture of the 
white light of the clouds will appear faint and ineline to purple. It may 
be farther obſerved, that all the rays but the violet in the line S E will e- 
merge from E in a greater angle than S EO made by the violet, and con- 
ſequently will paſs below the eye; and that all the rays but the red in the 
line SF will emerge from F in a leſſer angle than S FO made by the red, 
and conſequently will paſs above the eye; by which means only red will 

in the line n 1 | 

Foo. Again the angle SGO being equal to the ar or 50 
5 Lear hall be the A angle in which the leaft — ible rays Jer 
ter two reflections emerge ont of the drops; and therefore the leaſt re- 
frangible rays ſhall come ps + to the eye from the drops in the 
a 2 


line 
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line OG, and ſtrike the ſenſe with the deepeſt red in that region, And the 
angle SHO being equal to the angle PO H or 54 deg. 7 min. ſhall be the 
leaſt angle in which the moſt refrangible rays after two reflections can e- 
merge out of the drops; and therefore theſe rays ſhall come moſt co- 
piouſly to the eye from the drops in the line OH, and ſtrike the ſenſe 
with the deepeſt violet in that region, And by the ſame argument the 
drops in the regions between G and H ſhall ſtrike the ſenſe with interme- 
diate colours in the order which their degrees of refrangibility require ; 
that is in the progreſs from G to H, or from the inſide of the bow to the out- 
fideinthis order ; red, orange, yellow, green, blue, indigo, violet. And fince 
theſe four lines OE, O F, O G, OH may be ſituated any where in the above- 
mentioned conical ſurfaces, what is ſaid of the drops and colours in theſe lines 
is to be underſtood of the drops and colours every where in thoſe ſurfaces. 
501, Thus ſhall there be made two bows of colours, an interior and 
ſtronger by one reflection in the drops, and an exterior and fainter by 
two; for the light becomes fainter by every reflection. And their colours 
Mall lye in a contrary order to one another; the red of both bows border- 
ing upon the ſpace G F, which is between the bows. The apparent breadth. 
of the interior bow EOF, meaſured croſs the colours, ſhall be 1 deg. 45. 
min. and the breadth of the exterior, G OH, ſhall be 3 deg. 10 min. and 
the apparent diſtance berween them, GO F, ſhall be 8 deg. 55 min. the. 
greateſt ſemidiameter of the innermoſt, that is, the angle P OF being 42 
7 min. and the leaſt ſemidiameter of the outermoſt, PO G, being 50 
S/ mm. f | 2 £2672, 4 1 = Ea 
502. Theſe are the meaſures of the bows as they would be were the ſun 
but a point, for by the breadth of his body the breadths of the bows will be 
increaſed and their diſtance decreaſed by half a degree. And ſo the breadth 
of the interior Iris will be 2 deg. 15 min., that of the exterior 3 deg. 40 


min., their diſtance 8 deg. 25. min., the greateſt ſemidiameter of the in- 


terior bow 42 deg. 17 min., and the leaſt of the exterior 50 deg. 42 min. For 
let SEO be the limit of all the angles under the rays of any one colour, 
which coming from the center of the ſun are reflected from thedrop at E to 


the eye at O. In the ray S E take any point S at pleaſure and let the angles 


ESM. ESN and alſo EO M, EO N be ſeverally equal to a quarter of ade- 
gree, that is to half the apparent breadth of the ſun. And joining O &, ſince 
the ſums of the angles at the baſe OS, of the ſeveral triangles O & M, OS E, 
OSN, are equal among themſelves, their vertical angles at M,. E, N are alſo 
equal among themſelves. Conſequently the angle S MO will be the limit 
of all the angles contained under the incident and emergent rays of the 
ſame colour as before, which came from m the higheſt point of the ſun ; 
and & NO the limit of all the angles contained under the incident and emer- 
gent rays of the ſame colour as before, which came from the loweſt point 
of the ſun. Therefore if all the rays of the ſun were of the ſame colour, or 


alike 
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alike refrangible, the apparent breadth of the bow, meaſured by the an 
MON, would be but half a degree or — to the apparent breadth of 
ſun meaſured by the angle MSN or Sn. But ſince his rays are different- 

ly refrangible, conceive the ws Ho be placed any where in the inward 

or outward verges of the bows, above deſcribed upon ſuppoſition that the 

ſun was but a point; and then it is manifeſt that the angle EO M muſt be 

added to the inſide, and E ON to the outſide of the angles which the breadths 
of thoſe bows ſubtend at O, to obtain their apparent breadths. A rain-bow- 
is therefore a circular image of the ſun reflected to the eye from the far- 
ther furfaces of innumerable drops of falling rain, and dilated in breadth. 
by the unequal refrangibility of rays of different colours. 20 

503. And ſuch are the dimenſions of the bows in the heavens found to 
be very nearly, when their colours appear ſtrong and perfect. For once 
by ſuch means as I then had I meaſured the greateſt ſemidiameter of the 
interior iris about 42 degrees, the breadth of the red, yellow, green in that 
iris 63 or 64 minutes, beſides the outmoſt faint red obſcured by the bright- 
neſs of the clouds, for which we may allow 3 or 4 minutes more. The 
breadth of the blue was about 40 minutes more beſides the violet, which 
was ſo much obſcured by the brightneſs of the clouds that I could not 
meaſure its breadth. But ſuppoſing the breadth of the blue and violet to- 

ther to equal that of the red, yellow and green together; the whole 
breach of this iris will be about 2+ degrees, as above. The leaſt diſtance 
between this iris and the exterior iris was about 8 degrees and 30 minutes 
The exterior iris was broader than the interior, but ſo faint, eſpecially on 
the blue fide that I could not meaſure its breadth diſtinctly. At another 
time when both bows appeared more diſtin I meaſured the breadth of 
the interior iris 2 deg. 10 min. and the breadth of the yellow and green 
in the exterior iris was to the breadth of the ſame colours in the interior 
as 3 tO-2, 

* Whoever has a mind to repeat theſe obſervations after Sir Jaac 
Newton may obſerve, that the apparent ſemidiameter of the bow, (or of 
any ring of colours in either of the bows) is equal to the apparent altitude 
of itz higheſt point added to the ſun's altitude, and conſequently may be 


meaſured by a common quadrant. For let SO P be the axis of the bows Fig. 476. 


paſſing through the ſun at S and the eye at O, G OH an horizontal line, 
the higheſt point of any ring of either of the bows, whoſe apparent ſe- 
midiameter EO P is required, It is manifeſt that the angle EO PS EOH 

—— HOP=EOH—-+ 50G. 1 
dog. This explication of the rain- bow is yet farther confirmed by the 
known experiment (made by Antonius de Dominis and Des-Cartes) of 
hanging up any where in the ſun-ſhine a glaſs-globe filled with water, 
and viewing it in ſuch a poſture that the rays. which come from the globe 
to the eye may contain with the ſun's rays an angle of either 42 or 50 de- 
| refs, 
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grees. For if the angle be about 42 or 43 degrees the ſpeQator ſuppoſed 
at O, ſhall ſee a full red colour in that fide of the globe which is oppoſed 
tothe ſun; as it is repreſented at F: and if that angle be made leſs, ſup- 
poſe by depreſſing the globe ro E, there will . other colours yellow, 
green and blue ſucceſſwely in the ſame fide of the globe. But if the angle 
be made about 50 degrees, ſuppoſe by lifting up tl. e globe to G, there 
will appear a red colour in that ſide of the globe which lyes toward the 
ſun: and if the angle be made greater, ſuppoſe by lifting up the globe to 
E the red will turn ſucceſſively to other colours, yellow, green and blue. 
The ſame thing I have tryed by letting a globe reſt, and hy raiſing or de- 
preſſing the eye, or otherwiſe moving it to make the angle of a juſt mag- 
nitude. So far Sit 1/aac Newton. "647 | 

506. It remains now to take notice of ſeveral lender rings of colours 
contiguous to the infide of the firſt rain-bow, Theſe have been obſerved 
and particularly deſcribed by the Reverend Dr. Lengwith in the Philoſo- 
phical Tranſactions No. 375. His beſt obſervation was this. The colours 
of the primary rain-bow were as uſual, only the purple very much in- 
clining to red and well defined. Under thiswas an arch of green, the up- 
per part of which inclined to a bright yellow, the lower to a more duſky 
green: under this were alternately two archesof rediſh purple and two of 
green: under all a faint ap ce of another arch of purple which va- 
nithed and returned ſeyeral times ſo quick that we could not fix our eyes 
upon it. Thus the orders of the colours were. | 


I. Red, orange, yellow, green, light blue, deep blue, purple. 
II. Light green, dark green, purple. 
III. Green, purple. | : 
AV. Green, faint vaniſhing purple. | 
Thus we had four orders of colours and perhaps the beginning of a fifth; 
for I make no queſtion but that which I call purple (when very red) is a 
mixture of purple of the upper ſeries with the red of the next below it: 
and the green a mixture of the intermediate colours. There are two things, 
which will deſerve to be taken notice of, as they may perhaps direct us 
to the ſolution of this curious phznomenon. Firſt that the breadth of the 
firſt ſeries ſo far exceeded that of all the reſt, that as near as I could judge, 
it was equal to them all taken together. Secondly that I have never ob- 
ſerved theſe inner orders of colours in the lower parts of the rain-bow, 
though they have been incomparably more vivid than the upper parts, 
under which theſe colours have appeared. I have taken notice of chis ſo 
very often that I can hardly look upon it to be accidental; and if it ſhould 
prove true in general, it will bring the diſquiſition into a narrow com- 
paſs. For it wilt ſhew that this effect depends upon ſome property, which 
he drops retain while they are in the upper part of the air, but _ 
| * 
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they come lower, and are more mixed with one another. I am of opinion 
that the rain-bow ſeldom appears very lively, without ſome of thoſe or- 
ders of colours; and that the ſuppoſed exact agreement between rhe co- 
lours of the rain-bow and thoſe of ihe priſm, is the reaſon that ithas been 
ſo little obſerved. So far Dr. Langwith. To which Dr. Pemberton ſub- 
joins the following theory, printed in the Tranſactions No. 375. and in 
is view of Sir 1/aac Newton's Philoſophy p. 401. | | 
507. Sir 1/aac Newton has . that in glaſs which is poliſhed and pr: Book. U. 
quick-ſilvered, there is an irregular reflection made, whereby ſome ſmall — 
quantity of light is ſcattered from the principal reflected beam. If we al- 
low the ſame thing to happen in the reflection whereby the rain-bow is 
cauſed, it ſeems ſufficient to produce the appearance abovementioned. Let Fig. 477. 
A 'Brepreſenta globule of water, Bthe point from which the rays of any de- 
terminate ſpecies, being reflected to C and afterwards emerging in the 
line CD, would proceed to the eye and cauſe the appearance of the co- 
lour in the rain-bow, which appertains to this ſpecies. Here ſuppoſe that 
beſides what is reflected regularly, ſome ſmall part of the light is irregu- 
larly ſcattered every way, ſo that from the point B beſides the rays that 
are regularly reflected from B to C, ſome ſcattered rays will return in o- 
cher lines, as in BE, BF, BG, BH, on each fide the line BC. Farther Opt. Book IT. 
it has been obſerved by Sir 1/aac Newton that the rays of light in their *** 3. Prop. 
paſſage from one ſuperficies of a refracting body to the other, undergo al- 
ternate fits of eaſy tranſmiſſion and reflection, ſucceeding each other at 
equal intervals: inſomuch that if they reach the farther ſurface in one 
ſort of thoſe fits, they ſhall be tranſmitted ; if in the other kind of them they 
ſhall rather be reflected back. Whence the tays that proceed from B to C, 
and emerge in the line CD, being in a fit oe eaſy tranſmiſſion, the ſcat- 
tered rays that fall at a ſmall diſtance without theſe on either ſide (ſuppoſe 
the rays that paſs along the lines HE, BG) ſhall fall on the ſurface in a fit 
of eaſy reflection and ſhall not emerge; but the ſcattered rays, which 
at ſome diſtance without theſe laſt, ſhall arrive at the ſurface of the glo- 
bule in a fit of eaſy tranſmiſſion and break through that ſur face. Suppoſe 
theſe rays to paſs in the lines BF, BH, the former of which ſhall have 
had one fit more of eaſy tranſmiſſion and the latter one fit leſs, than the 
rays that paſs from B to C. Now both theſe rays when they go out of the 
globule, will by che refraction of the water in the lines FI, HR, 
that will be indlined atmoſt equally to the rays incident upon the ne 
-which come from the ſun: bar the augles of their inclination will be leſs 
than the ungle in Which the rays emerging in the line C D are inclined to 
thoſe incident rays. And after the ſame manner rays ſcattered from the 
7 Bat a certain diſtance without theſe will emerge out of the glo- 
e, While che intermetliate rays are intercepted; and theſe emergent 
rays Will be inelined to the rays incident upon the globule in angles 1758 
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Teſs than the angles, in Which the rays FT and HK are inclined to them; 
and without theſe rays will emerge other rays that-ſhall be inclined to the 
incident rays in angles ſtill leſs. Now by this means may be formed of e- 
very kind of rays, beſides the principal arch, which goes to the forma- 
tion of the rain-bow, other arches within every one of the principal of 
the ſame colour, though much more faint; and this for diverſe ſucceſ- 
ſions, as long as theſe weak lights, which in every arch grow more and 
more obſcure, thall continue viſible. Now as the arches produced by 
each colour will be variouſly mixed together, the diverſity of colours ob- 
ſerved in theſe ſecondary arches may very poſſibly ariſe from them. In 
the darker colours theſe arches may reach below the bow and be ſeen di- 
ſtinct: in the brighter colours theſe arches are loſt in the inferior part of 
the principal light of the rain-· bow; but in all probability they contribute 
to the red tincture which the purple of the rain- bow uſually has, and is 
moſt remarkable when theſe ſecondary colours appear ſtrongeſt. How- 
ever theſe ſecondary arches in the brighteſt colours, may poſſibly extend 
with a very faint light below the bow and tinge the purple of the ſeoon- 
dary arches with a rediſh hue. The preciſe diſtances between the princi- 
-pal arch and theſe fainter arches depend on the magnitude of the drops, 
wherein they are formed. 'To make them any degree ſeparate it is neceſ- 
ſary the drop be excceding ſmall. It is moſt likely they are formed in the 
vapour of the cloud, which the air, being put into motion by the fall of 
the rain, may carry down along with the larger drops: and this may be 
the reaſon why theſe colours appear under the upper part of the bow on- 
Iy, this vapour not deſcending very low. As a farther confirmation of this, 
«theſe colours are ſeen ſtrongeſt when the rain falls from very bla ck clouds, 
which cauſe the fierceſt rains by the fall whereof the air will be moſt agi- 
tated. So far Dr. Pemberton. | 5015 
Io the like alternate fits of eaſy tranſmiſſion and reflection in the paſ- 
ſage of light through the leaſt globules of water, Sir Jaac Newton aſ- 
cribes thoſe little rings of colours which ſometimes appear round about the 
fun and moon. Opt. p. 288. obſ. 13. Taro, 16 & 0-5 
LN MMA | | 
588. The tangent of the ſum of two angles, is tothe ſum of their tan- 
Fonts. as the ſquare of the radius, to the ſquare of the radius diminiſhed 
y the rectangle under the tangents: and the tangent of the difference of 
two angles, is to the difference of their tangents, as the ſquare of the ra- 
divs, to the ſquare of the radius increaſed by the rectangle under the tan- 


gents. g 
Tig 478.479. Let RAand R be 228 of two angles ROA, ROB. Then as AB, 


the ſum or difference of the angents, is to AO, the ſecant of either of the 
angles, ſo let AO be ro AC, to be placed from 4 towards B. Again as RC 
| 2 5 — 5 | _ 


w 4 


2 x 
_ 
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isroRO, ſo let RO be to RD; and RD will be the tangent of the ſum 
or difference of the two angles ROA, ROB. For joining CO, by the firſt 
of. theſe proportions the triangles AO B, ACO wil 


F , AO RAq+RO 
Hence in fig. 478, becauſe AC=—== FE, we have RC = (AC 
RAg+ROy „ RO -R x RA Rl 
. BOS. Wen . 232 — 
RB+RA ͤĩð e hence RO RO;—RB x RA 


x ROg. Bya like proceſsfig. 479. we have AC HM; whence RD = 
RB—RA | 


FO; RB * ROg. 2. E. D. 


Fog. Corol. 1. Hence the tangent of the ſum of any number of given 
angles, or the — 2 of any multiple of a given angle, may be eaſily 
computed. Put RO gr, RA a, RB, then the tangent of the ſum of 


the angles whoſe tangents are @ and 6, chat is R De rr; call this 
tangent x; then for the ſame reaſon, the tangent of the ſum of this laſt 
angle and of a third angle, whoſe tangent is c, is k xrr or (by ſub- 


Fon oe 
5 . | b 
ſticuting the value of æ) — , the tangent of che ſum of three 


angles whoſe tangents are a, 5, c; and ſo on. Ie ® 
510. Corol. 2, Now put a c; and for the tangent ofa double an- 


gle we have = rr; and for the tangent of a treble angle END 
„ les e en Beto! 


rr—3 424 
PRoPosITION V. 
511. The nous ſemidiameter of any rain-bow, or the greateſt angle 
under an incident and the emergent ray after any given number of ſucceſ- 
five reflections, being given; to find the ratio of refraction. | 
Let n be che given number of ſucceſſive reflections increaſed by an u- 
nite, and ſuppoſing the angles ABC, ABD to be the angles of incidence 
and refraction ſought, let the angle ABE=mX ABD, and the angle 
CBE, or mx A 5-45 C, will be half the given angle under the inci- 
dent and the emergent ray after m reflections c. Put the common radius < Art. 488. 
AB=r, the unknown tangent of refraction AD= a, and the tangent of 
incidence AC, alſo AE=x, and ? for the tangent of the given Art. 491. 
angle CBE anſwering to the radius . Then by the lemma f: x —1a :: 


t f K- 2 ' 
rrirr-+xma; whence f= —— 


Fig. 430. 


rr, 
Fro xXma * 


be equiangular⸗ ; and a Euc. VI. e. 
ſo the angle AO B is equal to ACO, or to RO D by the ſecond proportion b. b u IS. 


2 Art. 488. 


order to account for halo's. 


Lig. 481. 
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Cafe 1. In the firſt rain-bow m=2 ; whence r 2 rr, and by 

1 | TA 0 Trad £28 27 C1570 

art. 520, & — rr the tangent of 245 D. Subſtitute chis value for 

x in the former equation and by reduction it becomes a -fτ = tre 

=0. By reſolving this equation the tangent 4 of the angle of refraction 

will be given, and the tangent of the angle of incidence AC=2@ by art. 
491. whence the ratio of their fines is given by the tables. Do 

Caſe 2. In the ſecondrain-bowm=3, whence f=—=== xr, and by 


rr+3xa 


art, 520, » , the tangent of 3ABD. Subſtitute this value for 


rr—3aa 


» | 7 | 3 ts 
x and you will find 4+ —+ 3 —@3 —2rr0a x or putting T 


— the tangent of half the angle of this bow, a+ + ET a5 =277 aa *—+ 


r =0. The ſame method ſerves for other bows to infinity. 

12. Corol.Iathe firſt caſe putting T for 24 or AC che tangent of the angle 
of incidence, and ſubſtituting + T tor à in the former equation a —i tag 
—2:frr7=0, it is changed to this Ti-3tTT—4rrt=o, the ſame as Dr. 
Halley's, who propoſed this problem as an expeditious method for find- 
ing the ratio of refraction in any fluid, by obſerving (when the ſun is low 
and ſhines very bright) the angle under an incident and the emergent ray 
from a drop of any fluid hanging at the end of a capillary tube. See his 
examples Phil. Tranſ. No. 267. and alſo the Rev. Dr. Morgan s Diſſertation 
upon the Rain bow among the Notes upon Rohaults Phyſicks. P. 3. Ch. 17. 

Having done with the rain-bows I proceed now to confider the rays 
whichemerge from a drop after two refractions without any reflection, in 


| 8 N 7 
„ 
13. When a ray of light SA BL is refra&ed through as ſphere at A and 
We any i bee ate reflection, Ah angle LMN, under the inri- 
dent ray SAMN and the emergent ray 1 is equel to twice 
the exceſs of the angleof incidence QAM above t ang refraction OB. 
and by conſequence increaſes perpetually white the angle incidence increqſes. 
For the external angle L MN is equal to the ſum of the internal angles 
MAB, MBA; which are equal to each other, becauſe af che te- 
fractions at A and B; as appears by conceiving a ray to go out | 


| ways 
along the chord AB. And one of theſe angles equals the exceſs of OAMN 


above OAB: and ſince the increments of OAM are always bigger than 
thoſe of OAB *, the exceſſes of the larger increments above the ſmaller 
will continually augment the angle BAM, and conſequently the whole 
angle LMN, . E. D. F 

3 
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514. Col. x, Draw a diameter POE parallel to the incident ray Fig. 4% 


SAM; and let it cut the emergent ray BL in E; and while the angle 
L MN increaſes from nothing, the line ME will decreaſe perpetually. 
For let the parallelogram EMA H be compleated, and let AB and P be 
pboduted till they meet in 7; and the equiangular triangles AMB, BET, 
AHT will be equiccural. Now if ME or AH be ſuppoſed to increaſe or 
only to keep the ſame while the oppoſite angle 40 H decreaſes, the ad- 
joining ſide HO muſt increaſe, and conſequently the ſum of AH and HO 
or of HT and HO that is OT muſt alſo increaſe. But by art. 476. the line 
OT decreaſes perpetually ; therefore the ſuppoſition we made that AZ or 
ME increaſed or kept the ſame is falſe ; ink by conſequence it decreaſes 
perpetually” while the angle of incidence increaſes; or while the angle 
LMN increaſes s. | 
515. Corol. 2. Hence while the angle LMN increaſes, the line OE 
deereaſes perpetually. For it is eaſy to ſhew that ME and OE are equal. 
In nuten, =r L RI Oln ban ad $6040 32 74 bs 
[a pandgyalz Lt, aaa eros,eaom VI oc be 
616. When parallel rays fall upon the ſurface of a ſpbere emer 
from it after two refr Cnr wi 1 — wh their — 
ty at the eye of a ſpectator placed at a great diſtance from the ſphere, will 
decreaſe perpetually, while the angles under the incident and the emergent 
rays increaſe. PALIT Lon BROAD VF 3 BED Y Lk Di s 
For ſuppoſing the ſame lines as before, let Sa F be the neareſt ray to 
SABFL, and let them croſs each other in F, and then fall perpendicular 
upon L ſuppoſed to be the diameter of the pupil of theeye. From the cen- 
terOdraw O Hh ndicular to the incident raysproduced, O 1! perpen- 
dicular to the refracted rays AB, ab; and O Kk perpendicular tothe emer- 
gent rays; and alſo LR, MS, AT perpendicular to the diameter P, 
drawn parallel to the incident rays ; and let TA produced cut Sa in a. 
Then ſince OT is to OH and to OK as the leſſer of the fines of incidence 
and refraction to the bigger; and alſo Oi to Oh and to Ok in the ſame ra- 
tio; disjointly we have Ii to Hh and to Kk in the ſame given ratio; and 
conſequently Hh equal to K+. But the triangles K Fk,'L FA are equian- 
$ular, and alſo MES and LER. Therefore Aa or Hb or Kk: LX: : FK 
: FL, and AT or MS: LR:: EM: EL; and by conſequence Aa x AT 
: LAXLR:: FKX EM: FLXE IL. Now ſuppoſing the whole figure to 
be turned about the axis P fince the fame rays that paſs through the 
ring deſcribed by Aa will alſo paſs through the ring deſcribedby L ſup- 
— none of them to be ſtopt in the ſphere, it follows that their denſi- 
ty at L is to their denſity at A reciprocally as the rings; that is directly as 
Aa K AT to LXX LR, or as FKX EM to FLXEL (becauſe the peri- 
pheries deſcribed by A and L are as their ſemidiameters AT, LR.) And 
the denſity. of the incident rays being every where the ſame, the * 
. , 2 0 


a Art. 512. 


Fig. 483. 


a Art. 132. 
515. 
b· Art. 420. 


432 
c Art. 514. 


d Art. 43 2. 


e Art. 515. 
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of the emergent rays at Lis as FK x E M directly and as FL Xx E Linverſe- 
ly; and by conſequence directly as FK EM,. when the eye at L is re- 
mote; becauſe the points E, F never go far from the ſphere :. Now while 
the angle LM N increaſes, the line F K decreaſes perpetually b, and ſo does 
E Me, and therefore the denſity of the rays falling upon a remote eye ag, 
perpetually decreaſes. Q, E. D. WE: Ir M SA St; $NA 

This propoſition may alſo be demonſtrated in diſtinct parts as follows. 

517. 1ſt. The denſity of the rays which fall perpendicular upon the 
line LA in any one plane of emergence, is as FK directly and FL inverſe- 
ly; and when L is remote, directly as FK. For ſuppoſing all the incident; 
rays to be tranſmitted from Aa to La, their denſity in La will be totheir 
denſity in Aa as (Aa or Hh or Kk to LA, or as) FK to FL: and the line 
FL will be invariable when L is remote, becauſe the focus F never goes 


far from the ſphere d. + alid 


518, aly. The denſity of the rays which fall upon the periphery de- 
ſcribed by the point L, turned about the axis P, is as EMdireQly and 
EL inverſely : and when L is remote, directly as EM. For ſuppoſing all 


the incident rays to be tranſmitted, their denfity in the N deſcribed 


by the point L, will be to their denſity in the periphery deſcribed by the 
point A, reciprocally as theſe peripheries, that is directly as the ſemidia- 
meter AT or MS, to the ſemidiameter LR, that is as EMto EL: and 
the line EL will be invariable when L is remote, becauſe the point E ne- 
ver goes far from the ſphere . op nad bam eftiinn | 
519. 3ly. It is obſervable that as F is the focus of thoſerays whichemerge 


from the ſphere in any one plane of incidence and emergence, ſo E is 


focus of thoſe that emerge in a conical ſurface deſcribed by the revolution 


of EL about the axis OE, to which ſurface all the planes of emergence. 
are perpendicular. | | | 
520. 4ly. When a ſolid pencil of rays falls upon a plane ſurface and are 


uvniformly denſe in every part of it; we may conſider the incident rays as 


ſurface in as many phyſica 


conſiſting of innumerable N planes of rays, which fall upon the 
lines, parallel to one another. And then if 

their denſity in any one of theſe lines be given, their denſity upon the ſur- 
face will be as the denſity of the lines; and if the denſity of the lines be 
given, the denſity of the rays upon the ſurface will be as their denſity in 
any one line upon it; and conſequently if neither the one nor the other 
be given, the denſity of the rays upon the ſurface will be as their denſi- 
ty in any one line and as the denſity of the lines conjaintly. _ | | 
521: fly. To apply this rule to the denſity of the rays * the circu- 
lar ring deſcribed by the revolution of La; ſince its breadth L is ſuppoſed 
very ſmall in compariſon to its diameter, the planes of emergence will di- 
vide any ſmall part of it into lines, as L, nearly parallel to one another. 
And by conſequence the denſity of the rays in this little part, will 2 
5 ir 


—_— 


{ 


eur 10, ABOUT THE SUN'AND MOON 197 
their denſity in any one line Lx and as the denſity of the lines Lx con- 
jointly; that is as 77 * IT, by the iſt and 2d of theſe rules; and when 
Lis remote, as the rectangle FK x E M. as before. 


- 


522. Gly. Now let heterogeneal rays be refracted through the ſphere; 
and ſince the whole quantity of refraction increaſes gradually as 4 rays 
o farther and farther from its center, theſe heterogeneal rays will there- Art 513. 
ore be gradually more and more ſeparated from one another® ; and upon b Art. 171. 
this — will fall thinner upon the eye at Lx than if they were all ho- 
' pn ly. We have all along ſuppoſed that all the incident rays are 
tranſmitted through the ſphere, But it is certain thatſome of them are re- 
flected both at the firſt and fecond ſurface; as in the caſe of the rain-bows. 
And it is a common obſervation, that as rays fall more obliquely upon any 
ſurface, the more of them will be reflected; and therefore the rays that 
go farther and farther from the center of the drop, and conſequently fall 
more and more obliquely upon its ſurfaces, will be more and more dimi- 
niſhed by reflections; and fo the emergent light will decreaſe ſtill faſter, 
or in a greater Fer than of the decreaſe of the rectangle FK x EM. 
524. Sly. It the ſun be viewed through ſo large a ſphere as to ſubtend 
an angle at the 22 large or larger than the ſun it ſelf would ſubtend at 
the naked eye; his body will appear biggeſt through the ſphere when ĩt 
is held in a line drawn directly from the eye to the ſun; and will £4 ew 
to decreaſe gradually while the ſphere is moved ſideways from that line. 
This ſhall be demonſtrated in another place, and may be eaſily tryed by 
looking at a lighted candle or any bright object through a glaſs full of wa- 
ter, In this caſe the apparent brightneſs of the ſun, or the real brightneſs 
of his picture upon the retina, would vary directly as the denſity of the rays 
in any one pencil when they fall on the eye, and inverſely as the magni- 
tude of the picture: becauſe if the magnitude of the picture was inyaria- 
ble, its et, would be as the denſity of the rays in any one pencil; 
and if the denſity was invariable, its brightneſs would be inverſely as its 
magnitude. Bur ſince the angle ſubtended at the eye by a globule in a cloud 
has no ſenſible magnitude, the picture of the ſun upon the retina, formed 
by rays that come through it, can have no variety of magnitudes ; being 
always but a point which affects the ſenſe not by its magnitude but by its 
brightneſs only. Therefore while this globule is moved ſideways the 
brightneſs of the ſun, ſeen through it, varies directly as the denſity of the 
rays at the eye which came from a ſingle. point of the ſun ; becauſe the 
denfity of the, rays that come at once from all the points of the ſun varies 
in the ſame proportion as their denſity in any one pencil varies. 
525. ly. Therefore when the ſun ſhines 5 a large cloud of ſuch glo- 
bules, the light will appear ſtrongeſt in thoſe globules which lye directly 


between 


. mx 1 62 


9 nenn AL nok. 2. 
betweett the eye and the fun, and will decay more and more in the glo- 


bules that lye farther and farther from that line or from the apparent place 
of the ſun. In this concluſion I agree v ith Hugenius in his diſſertation 
concerning Corona's and Parheha, printed in the next chapter; though 


I diffet from him in the reaſon he gives fot it, namely becauſe the drops 


a Art. 530. 
=  »% Þ 


that Iye neareſt to the ſun make the largeſt images of him *;{maximam 
folis imaginem exhibent); "whereas theſe images being leſe than the glo- 


bules have no ſenſible apparent magnitude; and therefore appear brighter 


b Opt. p. 155, 


Fig. 481 » 


or duller only becauſe the rays fall thicker or thinner upon the eye, 

526, Nevertheleſs to think different from ſo great a maſter ofreaſonas 
Sir Jaac Newton, is but little better than a degree of uncertainty-j or at 
leaſt a fort of pain which the mind would willihgly de freed from. I have 
therefore been very particular in demonſtrating this concluſion becauſe I 
cannot reconcile it with one of his b. Where he ſays that the light which 
comes through drops of rain by two refractions without any reflect ion 


ought to appear ſtrongeſt at the diſtance r ee opener che ſun; 
50 at is When the angle LM Nis about 26 degrees] and to decay gradually 

th ways aß the diſtance from him increaſes and decreaſes. And that the 
fame is to be underſtood of light tranſmitted through ſpherical hail- ſtones. 
And if the hail be a little flatted, as it often is, the light tranſmitted may 
pro ſo ſtrong at a leſs diſtance tlian that of 26 degrees as to form a halo a- 


ort the fun or moon. have already obſerved that Hagenius wasof a contrary 


opinion ; and beſides he tells us in another place of kis diſſertation that though 


he had examined all the reflections and refractions of the fan's rays in glo- 


c Art. 528. 


d Opt. p. 155. 


bules of water, yet he could find no cauſe at all for che appearance sf a 
ring of light about him of the uſual bigneſs of a haloc. And thence he began 
to ſuſpect that they are formed by hail- ſtones that have opake globules of 
ſnow in their centers. In this opinion Sir Jae Netoton ſeems tb agree 
with him. For he goes on in cheſe words, Which halo, as often as the 
hail- ſtones are duly figured, may be coloured; and then it muſt be red 
within by che leaft refrangible rays, and blue without by the moſt refran- 
gible ones; eſpecially if the hail-ſtones have opake globules of mow in 
their centers to intercept the light within the halo (as Hugentus has ob- 
ferved) and make the inſide thereof more diſtinctly defined than it would 
orherwiſe be. For ſuch hail-ſtones, though ren; by terminating the 
light by the ſnow, may make a halo red within and coloutleſs without, 
and darker within the red than without as halo's uſe to be. For of thoſe 
rays which paſs cloſe by the ſnow, the rubiform will be leaſt refracted, 
and ſo come to the eye in the directeſt lines. The light which paſſes 


 throvgha drop of water after two refractions and three or morereflettions, 


is ſcarce ſtrong enough to cauſe a ſenfible bow [as - r by the different 
ſtrengch of the firſt and ſecond rain-bows] but in thoſe cylinders of ice by 
which Hugentus explains the parhelia it may perhaps be ſenſible. This 


18 
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is all I can find of Sir I/aar Newton's concerning this ſubject, excepting . 
another ſhort. paſſage where he ſeems to ſuggeſt a reaſon why halo's ap- 
oval, an inſtance of which he had mentioned juſt before; and then 
adds theſe words. By its being oval, and remoter from the moon below 
than above, I conclude that it was made by refraction in ſme fort of hail 
or ſnow floating in an horizontal poſture, the refracting angle being a- 


bout 38 or 60 degrees *. In this alſo I muſt confeſs I cannot reſt ſatisfied; © Opt. p. 29. 


becauſe all halo's, though formed by ſpherical hail with ſpherical glo- 
bules of ſnow in their centers, muſt appear oval in the poſition he mentions 
upon account of the flattiſn figure of the ſky, as it is explained in the 167th 
article. : AL | 
| 2 Cu Artxs XL ) 28 
Cuncerning Coronas and Parbelia, commonly called Halo 
| | and Mock-Suns. 


x | this chapter I have tranſlated Hugenius's whole diſſertation upon Devign. 


this curious ſubject; and as this excellent Author intended to demon- 
te the more difficult things at the end of all, which the learned Editors 
of his Poſthumous Works have ſupplyed in few words, I have done the 
ſame more at large in an Appendix to this chapter; which contains alſo 
the obſervations referred to in this diſſertation. — - : 
527. Though the cauſes of corona's and parhelia, which ſhall here be 
MACE are much alike, yet I will firſt treat of corona's, becauſe they are 
eaſier to be explained; and being underftood, will facilitate the explana- 
tion of parhelia, No corona s are circular rings of light, which by day ap- 
pear round about the ſun, and ſometimes by night about the moon; ſome- 
times white, and ſometimes, when brighteſt, adorned with various co- 
lours like the rain- bow. Their apparent diameter is generally about 44 
or 45 degrees, but ſometimes a larger ſort have appeared, about 90 de- 
grecs in diameter or more. It is ſaid that a great many ſuch rings have ap- 
| pou together, with the ſun in their centers. I my ſelf have often ob- 
erved thoſe rings of 45 degrees; the firſt of which, being the moſt live- 
ly, gave me occaſion to take notice of the moſt remarkable ap ces 
in it, in order to attempt their explication. I obſerved this ring was made 
up of various colours, but fainter than thoſe in the rain- bow; that its 
inward edge vas ted and its outward a pale blue, much inclining to white; 
that the ſpace within the ring (called the area) was darker than that on the 
outſide of is, which appeared every way pretty clear, excepting that it 
was covered wich ſome ſmall pellucid and whitiſh clouds. I found the 
diameter of che ring about 45 degrees, by a groſs manner of meafuring 
it, which was by holding my cane at arms length and obſerving what Po 
OT: ©. | 1 


I. 
Corona's what 
and how large. 
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to hat I had obſer ved. 


II. 
Whence cau- 
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gf it covered the diameter af the area j and thence I computed the angle 
a ear as I could. This obſervation was tnade 30. Mar. 165z. I temember 
after this obſervation I looked: into what Do Carter had wrote concern. 
ing the cauſes. of corona's. He would have them to be generated by the 
rays of the ſun refracted through flat ſtars of pellueid ice: which I did 
not like, becauſe it follows from thence; as he himſelf confeſles, that the 
ſpace within the crown thould appear brighter than that without, contriiry 


= 


Fag. I therefore thought it proper to ſearch after ſome other cauſe'6f 
this appearance, though Des Cartes aſſerts, that no other can be found in 
the heavens to produce any thing like it. I examined all the refractions and 
reflections of the ſun's rays through globules of water, but found nothing 
that could cauſe a circle of that bigneſs. I therefore framed to my ſelf 
other figures conſiſting of congealed drops, but in vain; ſo hard it is to 
form an idea of a thing never ſeen. Butbeing drawn into the fame thoughts 
by the appearance of 5 ſuns at Far/aw in the year 1658; and being dili- 
gently attentive to the figure of the corona deſcribed above, at laſt I hit 
upon their true cauſe; and a little after upon that of the parhelia. For I 
make no ſcruple to call thoſe cauſes true, whoſe effects agree ſo exactly 
with obſervations, as to make it ſeem unneceſſary to ſearch for others. 
Conſidering therefore that certain particles flying about among the clouds 
afforded materials for theſe meteors; as appeared ſufficiently from hence, 
that the corona kept in the ſame place though the clouds were diſperſed; 
conſidering alfo that the dulneſs of the ſky within the corona was an ar- 
1 that the particles within that circle did not tranſmit the ſuns 
ight ſo copiouſly as when they flew out of it; I ſoon apprehended that 

the corona might be formed, if each of theſe particles were round glo- 
bules conſiſting of a coat or ſhell of tranſparent ice or water, that con- 
tained an opake kernel within it. For I eaſily perceived, if a great num- 
ber of ſuch particles were diſperſed between us and the ſun, that thoſe 


which lay within a certain diſtance from the ſun, could tranſmit no rays 


to the eye, whereas others more remote would let them paſs; as will ap⸗ 
preſently. Now it is not only probable but matter of fact, that fuch 
ort of hail-ſtones are diſperſed among the clouds; becauſe as Des Cartes 
atteſts, they ſometimes fall down upon the ground. For ſpeaking in his 
Meteors about the formation of ſuch particles, he ſays, bence it comes to 
paſs, that as the outward ſhell of ſuch particles uſually confiſt of a continued 
pellucid ice, there is often ſound ſome ſnow at their centers, as appears by 
reaking them. Nor will it appear improbable that particles of ſnow ſhould 
ſtick in the middle of globules of water, conſidering that theſe globules 
are ſuſtained by exhalations.or vapours raiſed upwards ; by which means 
the water is hindered from deſcending and from deſerting the ſnow'in its 
center. Neither is there any reaſon, why the kernels which are of the ſame 
E | en 
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erer as as the water, ſhould recede from it either byinſdending or deſcend- 

gʒ atleaſt thoſe h. hail-ſtones which deſcend to the earth do plainly prove 
te matter to be fact. Now allowing! them to be ſuſtained by aſcending 
exhalations, it ſeems neceſſary that they ſhould be very ſmall, perhaps 
not fo'big as grains of IE BSA A ET doesnot hinder | 
the perfection of their figures, nor the juſt er. between the bulk of 
the whole and of the kernel within, el quite into by and by. Ha- 

made it appear that ſuch mixed ates? are formed in the air, 1 
ful 3 afieryards how . 1 s are my * 


= The better to underſtand chismarter}" let us conkilts one of theſe III. 
les under a larger form, im order to apptehend how the rays of che I» whit man 
ſun are refracted through i. Let ABCD repreſenta globule, with a ker- Fig. 4 
nel of ſow EF in the middle of ir, and let us ſuppoſe the rays coming 
from G ¶ to fall upon the fide D. It is manifeſt they will ſo be refract- 
ed at the ſurface: A Das to bend inwards;- whence: itfollows that a great 
number of them muſt ſtrike upon the kernel F. Let G and H be the 
rays which after refraction * ſides of che kernel EF; and let them 
be refracted again at E and Ci and emerge in che lines K, CK croſſing 
each other in the point K; whoſe neareſt diſtance from the globule is 
ſomewhat leſs than its ſemidiameter *. Therefore if B K and CK be pro- « Art. 61, 5, 
duced towards M and L, it follows that no light coming from the ſun |, .. 
through the globule, can proceed to the eye any where placed within the 25 
angle LK M, or rather within the cone repreſented by L.KM. Becauſe all as 
the rays which paſs by the kernel, will croſs each other under a greater 
angle than L M, and at a point nearer to the globule than the point K *, Ar. 512 
and therefore will by the e e placed any where within the angle 
ENU but will fall upon 5 out of that angle. What is 
aid of this globule, beltnguno. all — of tha ſame ſhape. That is to 
ſay every one of them carries a ſhady cone behind it, in which the eye be- 
ing placed can perceive no light coming through the globule, but being re- 
moved out of it, will immediately perceive the lightof the fun: Let the eye  . 
be at N, and CT IRS N and whoſe fides VR, Ng, © * 
are parallel to the ſides K L, K M of che former cone. It is certain that 
none of the globules which include equal kernels of ſnow to that in INE 
globule BC D, and which are placed any where within the co 
ean direct the rays of the ſun towards the eye at N. For if from any Nich 
globule as S, two lines & and ST be drawn parallel to XL and KM, re- | 
preſenting in this figure the ſides of a ſhady cone behind &, it appears 1 
chat the eye at N, in the vertex of the cone QNR, falls within the cone 
V'ST, and conſequently receives no rays coming through the globule S. 1 
The fame may be fad ef zh STARR Mee ens NA, becauſe 
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the eye at N is placed within the ſhady cone belonging to everyone of them; 
as appears by the figure. b dsf Ri 

. 530. But if any other globule, as &,. lying out of the cove NR, be 
dae. N taken into conſideration, it appears that the eye at N lyes out of ita ſhady 
bout it, prov- cone XZ; and y thoſe rays of the fun, which are more re- 
A. fracted through the globule & than the ray X Z, will come ta the eye; fo 
that this globule and all others out of the cone MR will appear en- 

lightened ; whereas thoſe within it will appear obſcure. It is plain there- 

fore that a certain area or ſpace quite ch {un ought to appear dark 

or obſcure; and that the ſpace round about this area muſt appear more 
luminous; and more fo in the parts that are neareſt to the obſcure: area. 

| Becauſe it might eaſily: be demonſtrated that the (globules that are near- 

a See At. 525- eſt to che cone Q MR exhibit the largeſt image of the ſun . It is plain alſo 
dat a corona ought to be produced in the ſame manner, whatever be the 
ſun's altitude, by reaſon of the ſpherical figure both of che globules and of 

the kernels within them. Whoeyer has a mind to make a proper experi- 

ment to repreſent this appearance, let him cxpoſe to the ſun a thin glaſs 

bubble filled with water, that has an opake ſphere in the middle of it, 

which may eaſily be contrived; and he will find, that he cannot ſee the 

Fun's. image in it, unleſs he removes it to a certain diſtance from the line 

drawn from his eye to the ſun: and that as ſoon as he perceives the light, 

the image of the ſun will immediately appear the bri ghteſt, and coloured 

red, for the ſame reaſon as in a glaſs priſm or rather a water priſm, if ſuch 

ig. 484% a one could be made. For the ray GA, for example, ſuffers the ſame re- 
c fractions, at its ingreſs into the globule at A and at its egreſs at B, as it 
would do in paſſing through a priſm, whoſe ſides AQ, BQ touch the globule 
at Aand B. And the kernel E F, which terminates the light on one ſide, 

conduces much to the appearance of the calours of the rays AB which 

paſs by it. But I have no deſign to inquire into the cauſes why theſe co- 

lours appear through priſms. I confeſs Iam entirely ignorant of their pro- 

duction, nor do I believe that any one can diſcover it till we receive 

ſome greater light into the knowledge of nature. All that I would obſerve 

is that the red colour which appears in the glaſs bubble ought alſo. to be 

ſeen in the globules that are neareſt to the outſide of thecone NR; which 

growing bigger in the remoter globules produces other colours as in the 

rain- bow. I judge the breadth of the corona, equal to the apparent ſpace 

through which the colours are ſpread when the drops are moſt enlighten- 
ed; although in reality the breadth is only terminated by the ſnow on the in- 

fide next to the ſun and not on the outſide; juſt as in the rain- bow, which 

alſo, as Des Cartes has explained it, is only terminated on the red ſide and 

not onthe other. Theſe coronaꝰs do alſo often appear about the moon for 

the ſame reaſons as about the ſun: but the colours are generally ſo. weak 

a8 to ãppear only white: theſe white corona's L have often ſeen about _ 
ſun, 


ſun, when the ſpace within them appeared ſcarce darker than that with- 
out. Now this happens when there is leſs plenty of ſuch globules. For 
the more there are the more lively the colours appear, as is manifeſt from 
obſervations; by which it appears, that when . within the corona 
is darker, that is when the globules are more numerous, the colours ap- 
r more vivid. But the colours within the corona appear more lively 

when parhelia and paraſelenæ, that is, mock-ſuns and mock-moons ap- 
pear with them, for another reaſon to be given when ] treat of theſe ap- 
appearances. | 

531. Let us now conſider the apparent diameter of the corona, which, 
as we ſaid before, is my abour 45 degrees. This depends upon the 
magnitude of the dark kernel EF. For the greater it is in compariſon to 
the whole globule ABCD, ſo much the greater is the angle BKC, to 
which the angle of the cone AVR is equal and meaſures the apparent 
diameter of the corona, as we have ſhewn above. Beſides the rays GAB K, 
HD CK, paſſing through the globule ABCD, and touching the kernel 
in E and F, draw from the center Mthe line MK O, paſſing through K 
the inter ſection of the rays, and meeting the line DC, produced in O: let 
the lines HD and KC produced meet in L within the globule. Now in 
the triangle DLC, the angles FDL, FCL are equal, becauſe the ray 
HD is refracted at D, in entering into the globule, juſt as much as at C, 
in going out of ir. But the angle FDL is equal to DOK, becauſe HL 
and DO are parallel; therefore in the triangle KOC, the angles KO C, 
K CO are alſo equal; and both together are equal to the angle C K M, which 
is half of CK B. Now ſince CK is obſerved to be 45 degrees, its half 
MKC1s22z; and the half of this, that is K O C is 114. Therefore in the 
triangle OM, right angled at F, the ratio of the ſides is given, and ta- 
king the radius OM to conſiſt of r00000 parts, MF the fine of 112 de- 
grees will be 19509 and OF 98078 ſuch parts. The ratio of OM to OD 
is the ſame as of the fine of the angle of refraction MD O to the fine of the 
angle of incidence MD L or D MN * that is as 187 to 250. Therefore 
ſince O Mcontains 100000 parts, OD will contain 133690, from whence 
taking O F.g8078, there remains FD 356 12; but MF was 19509. There- 
fore the proportion of the ſides of the right angled triangle MFD being 
known, the ratio of either of them to the baſe MD will be given, which 
"MD will be found 40605. Therefore MD the ſemidiameter of the globule, 
muſt be to MF the ſemidiameter of the kernel of ſnow, as 40605 to 
T9509 or as 1000 to 480 very nearly, to make the diameter of the corona 
45 degrees. By the ſame method, to make the diameter of a corona 9o de- 
grees, we ſhall find the ratio MD to MF muſt be as 1000 to 680; and 
as 1000 to 473 if the diameter be 4.4 degrees. enge 


532. Concerning the formation of this ſort of globules, it is probable | 


that at firſt they were globules of ſoft ſnow, which are rounded by a con- 
"en Cc2 _ 
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V. 
The diamet:: 
of a corona 
conſidered. 
Fig. 485. 


Fig. 486. 
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VI. 
Theformaticn 
of the globules 
conſidered, 
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tinual ag itation in the air, and thawed on their outſides by the heat of the 

ſun. The appearance of corona's requires an exact temperature of heat and 

cold in the air, that the globules of ſnow may be gradually thawed a 

Tig 48. jittle, and be checked again by a ſmall increaſe of cold. But when 
they are thawed about half way, through their diameters, or a little more, 

there is a cone of rays reflected from their backſides inwards, whoſe heat 

will prevent their being congealed again, though a greater degree of cold 

ſhould follow. Now by the warmth of this cone which is greateſt at its 

apex, the ſnow in the center will be rounded and | Es becauſe the 

globule is continually turning different ſides to the ſun, or rather becauſe 

the warmth of the cone ſpreads round the whole globule. And this roundneſs 

is neceſſary to the production of corona's. It is probable indeed that a great 

many globules may be unequally thawed, but if their kernels be not 

rounded they cannot produce any joint effect. And perhaps by this exter- 

nal warmth, the cold is driven into the middle of the globule (as we ſee 

it often happens in winter time) and prevents the farther diſſolution of 

the kernel of ſnow. I ſuppoſe the outſides of theſe globules to be watery, 

| as is-moſt probable, becauſe the ſurface of water is generally ſmoother 
. and fitter to cauſe regular refractions than if it was congealed. Vet ſome- 
times it may happen that the globules, ſo formed as deſcribedabove, may 

be congealed again, and may ſtill continue round and tranſparent enough 

to produce a corona. Now beſides this collection or cone of rays, which 

melts the ſnow. half way through, there is alſo another collection, which 

may form and preſerve other kernels of ſnow that are larger in proportion 

to the whole globule; and which. may produce another corona as broad 

again as the former; for ſuch corona's have ſometimes been obſerved as 
will appear afterwards. It is alſo tobe obſerved that this collection of rays 

| ſeems to be the reaſon why corona's are generally obſerved. to be of ſuch 
determinate diameters ; nevertheleſs it is not impoſſible that corona's. may 

appear of any diameters; ſince nothing hinders the globules in a tempe- 

rate air, from melting very ſlowly, and after a certain part of them is diſ- 

ſolved, from keeping that proportion ſo long, that corona's may appear 
tor hours together withaut ſenſible change. Hence if a certain collection 

of theſe globules, diſſolved to a certain degree, and another collection 

of them, diſſolved to another degree, ſhall happen to be ranged in a higher 

or lower region than the former, and other Ae deer 80 other de- 

z Snell in grees be placed in other regions; there will appear ſeveral corona's of dif- 


—_— "g the ferent diameters at the ſame time; and accordingly ſome authors tell us 
:613, they have ſeen ſix ſuch parallel corona's concentrick tothe ſfun*,. _ 
VII. 533. Having hitherto conſidered the cauſes of corona's, in the next 


— one place we are to diſcourſe upon parhelia and paraſelenæ or mock-ſuns.and 
paraſelenz, mock-moons ;. in which there is a greater variety of wonderful appear- 
anccs, as may be perceived by the figures annexed. For beſides many ſur- 


priſing 
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priſing circles, there is not only a parhelion on each fide of the ſun, (which 
two were the only ones obſerved in former ages). but alſo two or three, 
and ſometirnes four more; as in the phanomenon obſerved by Hevelius 
in the year 1061. One may wonder how it ſhould be, that Ariſtotle, and 
Cardan, who wrote ſo many ages after him, ſhould affirm, that there ne- 
ver appeared above two parhelia together. Since it is not probable that 
ſix or ſeven parhelia ſhould often appear together within a few years, 
and that the like ſhould have never happened for ſo many ages before. 
The reaſon may be, that the two lateral parhelia which are always the 
brighteſt, were only taken notice of as parhelia, and that the reſt which 
are more languid and faint were overlooked; But by more accurate obſer- 
vers all: thoſe lights are called parhelia which keep fixt in a certain place, 
though ſo faint in appearance as by the unſkilful to be taken for little 
white clouds. Now though there be a great variety of-parhelia obſerved 
at different times, yet there are ſome things common to them all. I ſhall 
therefore attempt the ſolution of the moſt remarkable phznomenon that 
has been. obſerved, and mention others by the by ſo far as any thing oc- 
curs that is common to all; leaving what is new and extraordinary in o- 
ther phænomena to be diſcuſſed afterwards. I defign therefore to conſider 
the Roman Phenomenon obſerved there by Scheiner the 2oth of March 
1629; which Des Cartes and Gaſſendus wrote upon about that time, from 
whoſe writings I take the following deſcription. | 
534 A tbe place of the.obſerver at Rome, B the vertex or point over his VIII. 
head, C the true ſun, ABa vertical plane paſſing through the obſerver's Phe Roman 
eye, the true ſun and the vertex.B ; which are all projected in the flraight pig. 4085. | 
line ACB: About tbe ſun e » ng two concentrick rings not com- 
pleat, but diverfified with colours. The leſſer and inner of them DEF, was 
Hiller and more perfect; and though it was open from D to F, yet theſe ends 
.D and F were perpetually endeavouring to unite; ſometimes they did unite 
and compleat the ring and then opened again. The other exterior and fainter 
and ſcarce diſcernable circle was G KI; it had a variety of colours but 
was very inconſtant. The third circle KLMN was very large and all over 
, a white colour, ſuch as are often ſeen with paraſelenæ about the moon. 
This was an excentrick circle pear through the middle of the ſun, 
al firſt entire, but towards the end e appearance it was weak and rag- 
ged and ſcarce diſcernable fram Mtowards N. In the common interſettion of 
this circle and of the outward Iris. G KI, there broke out two parbelia N 
and K not entirely perfect, K was ſomewhat weak, but N ſhone brighter 
and Err, The brightneſs in the middle of them: both reſembled that of 
the ſun, but towards their edges they were tinged with colours like thoſe of 
the rain-bow. They were not perfettly round and even at. their edges, but 
_ uneven and ragged. The. parbelion N was. a little wavering, and ſent out 
4 ſpiked.tail NP of a colour ſomewhat fiery, which had.a.continual recipro- 
: cation. 


IX 


A fuller 4 | 


ſcription of 
this Phznome- 


Oper. Tom 3. 
p. 652. 


206 CONCERNTNG PARNQEELLA Box 2. 
cation. The parhelia at L and M, beyond the zenith B, were not ſo bright 
as the former, but rounder and white like the circle which they were placed 
in; they reſembled milk or clean filver : the parhelion M was almoſt quite 
extintt at half an hour paſt two o clock, excepting that ſome faint remains 
would revive now and tben; and the circle it ſelf vaniſbed in that place. 
The parhelion N diſappeared before K did, and while M became fainter K 
grew brighter and vaniſhed laſt of all. 

535. To underſtand perfectly how this appearance was, imagine the 
great white circle K L MN, that paſſed through the true ſun, to be pa- 
rallel to the horizon, having its pole B directly over the ſpectator's head. 
For as to the appearance of the figure [in Gafſendus * and Des * 
which the vertex B is put nearer to LM than to KN; I take it to be a 
miſtake in the drawing. Since in all other obſervations, wherein the po- 
ſition of this white circle is deſcribed, it is always repreſented in a ſitua- 


tion parallel to the horizon: although a ſmall inclination of it is not in- 


conſiſtent with our theory. The ſpectator A muſt therefore be ſuppoſed 
to ſtand directly under the middle point B, in ſuch a poſition that when 
he looks at the ſuns C, K, N, he may have the other two at Land M be- 
hind his back. | | 
36. It is farther to be obſerved, that the order of the colours mention- 
ed in the circles DEF, GKN, was the ſame as in the corona's abovemen- 
tioned : namely the red next the ſun, as appears by Scherner's * e 
of the phænomenon in the year 1630 to be ſeen in the appendix. From 
which it appears that the diameter of the inner circle was alſo about 45 
degrees, which is the uſual bigneſs of a corona: though I am apt to thi 
That the exterior circle in the phænomenon of 1629 was leſs than the ex- 


terior circle in the phænomenon of 1630, as appears by the figure and may 


de proved. In this figure it is alſo to be obſerved that the tail of the mock- 


XI. 
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fun N muſt be drawn within the great circle KL MN, as Hevelius right- 
ENG in the Ine 1661, which phenomenon may be ſeen below in 
56 iſt article. But Scheiner hasdrawn it ſo, to ſhew it was extended from 
the ſun. The true ſun and the mock- ſuns are alſo drawn too big in com- 
pariſon to the circles, and the circles too broad for their diameters. For 
the diameter of the ſun ſhould be but about the goth part of the diameter 
of the corona DEF, or of 45 degrees; and the breadth of the circle K LM 
ſhould be almoſt equal to that of the ſun. For by the explication of the 
phenomenon in 1630 it appears that the breadth of that circle was not e- 
qual to the ſun's diameter. ” 
537. Having conſidered the deſcriptions of theſe wonderful appear- 
ances let us now inquire into their cauſes. Though I ſoon perceived that 
globules of water, or partly of water and partly of ſnow, could notproduce 
theſe effects, yer conſidering that parhelia are always attended with co- 
rona's, I was fatisfied that their cauſes muſt be much alike. W 
ere 


CHAP..I., >. AND PARASELENZA | 207 
therefore what. other 175 hail - ſtones might poiſibly have in the air be- 
ſides a ſpherical one, I found no other ſo ſimple as that of a cylinder. 
And indeed I had often obſerved that fnow conſiſted of ſeveral lender ob- 
long particles mixt with thoſe of other ſhapes; and ſeeing that ſmall globules: 
were ſufficient for the production of corona's, I imagined that a great 
many little cylinders, floating in the air, might produce ſome effects of 
the like ſort. I remembered alſo that Des Cartes had taken notice of cer- 
tain ſmall columns or cylinders. which he had ſeen upon the ground, whoſe 
extremities were bounded with flat ſtars conſiſting of ſix rays or points. 
Having therefore conſidered the poſition of theſe cylinders, and that they 
could not eaſily be generated in any other but an upright poſture; and 
that they muſt ſometimes be partially chawed by the warmth of the ſun 
or air as well as the round grains; I ſoon found that all the particulars of 
the Roman Phenomenon might be produced by theſe ſmall cylinders; and 
was plainly convinced of it, after I had filled a hollow cylindrical glaſs. 
with water, and had ſuſpended a ſolid cylinder in the middle ef it. For by 
holding it in various poſitions to the ſun and to my eye, I found the lar 
white circle was produced by reftection of the ſun's rays from the ſides of 
ſuch cylinders, and the parhelia on each fide of the ſun by a double.re- 
fraction through the fides of them, and the other parhelia partly oppoſite 
to the ſun by a double refraction and an intermediate reflection, in the 
manner to be explained hereafter, 


538. But ſomething muſt be premiſed concerning the generatien, po- 


produce corona'smuſt be very ſmall, perhaps ſmaller than turnepſeed, tobe 


XII. 
fition, figure and magnitude of theſe cylinders. As the globules which How half. 


thawed cylin- 
ders may be 


ſuſtained by aſcending exhalations, ſo I ſuppoſe theſe cylinders to be e generated. 


ceeding ſmall and ſlender for the ſame reaſon; which minuteneſs may be 
ſo far from hindering the perfection of their figures, that probably it may 
rather contribute to it. Theſe cylinders as well as the globules muſt be 
formed at firſt of the ſofteſt and fineſt particles of ſnow ; that is out of the: 
moſt minute and almoſt inviſible particles of a congealed cloud; (for ſnow 
is nothifig but vapour congealed;) now ſo ſoon as a globule is formed, by 
a collection of theſe particles, it naturally follows that many more parti- 
cles will ſoon adhere to the bottom of it, but not to its ſides. For ſince 
the particles of the cloud are driven upwards by a current of aſcending 
vapours, and ſince on the other hand the globules tend downwards by 
their weight or at leaſt aſcend ſlower than the vapours; it naturally fol- 
lows that the particles of the cloud which ſtrike upon the bottom of a. 
globule will {tick to it and by degrees change it to an oblong cylindrical 
figure, while other particles of the cloud will eaſily flip by the ſides of it. 
And when a vaſt multitude of theſe cylinders are thus produced at ſmall 
diſtances from one another, it is probable enougl., that the current of aſ- 


cending air and vapours, by paſſing between them, will preſerve them in 


the 
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the ſame upright poſture in which they were formed: but when they are 
-diſperſed by the wind or otherwiſe, they cannot continue upright, but 
will be turned into all manner of poſitions. Now when the warmth of the 
ſun or of the air ſhall have melted the outſides of theſe cylinders, in the 
ſame manner as was mentioned of the globules, a ſmallercylinder of ſnow 
will remain in the middle of each of them ſurrounded with water; and 
after acertain part is melted, the cylinders within will become round and 
perfect, and will remain in this ſtate for ſome time, for the ſame reaſons 
that we gave for the globules. Nevertheleſs if that coat of water ſhould 
ſoon be frozen, it may poſſibly remain ſufficiently rranſparent and polite 
to tranſmit, refract and reflect the rays of the ſun in the regular manner to 
be deſcribed hereafter. . ET ris i hr NY oo 
539. To begin the explanation of the Roman Phænomenon, firſt I 
fay that the large white circle, which appeared in it, was produced by 
the reflection of the ſun's rays from the outſides of the upright cylinders. 
For when the ſun ſhmes upon a vaſt number of ſuch cylinders ſuſpended 
in-the air; it follows that a great white circle muſt appear to paſs through 
the ſun and to be parallel to the horizon, and to be equal in breadth to the 
breadth of the ſun. To make this appear, let us ſuppoſe a larger cylinder 


inſtead of one of thoſe ſmall ones, and conſider in what manner the rays 


of the ſun are reflected from it. Upon the upright cylinder ABCD let a 
ray E F coming from the center of the ſun, * reflected into the line EG: 
J ſay that E Fand EG are equally inclined to the horizon. For let HEK 
be a line drawn through E upon the ſide of the cylinder, and imagine a 
plane LI to touch the cylinder along the line HEX; and the ray EF will 
be reflected from this plane in the ſame manner as from the cylinder. 
Now ſuppoſing another plane paſſing through the rays FE, EG to ſtand 
perpendicular to the plane LI, upon the line MEN, the angles of inci- 


| dence and reflection FEM, GEN will be equal b. Imagine a ſpherical 


ſurface whoſe center is E to cut off equal lines EF, EM, EO and alſo 
EG, EN, EP, and let EO and EP be parts of the line HE K; and let 
FO, FM, OM be arches of great circles in that ſpherical ſurface and like- 
wiſe GP, GN, PN. Therefore fince the plane FMNG ſtands at right 
angles to the plane LI, and ſince both of them paſs through E the center of 
the ſphere; in the ſpherical triangle FMO the angle M will be a right one, 
and likewiſe the angle N in the triangle GNP. But the fide MO is equal 
to NP, becauſe the angle MEO is equal to NEP; and likewiſe the fide 
M is equal to the ſide GN becauſe the angles FEM, GEN are equal. 
Therefore the remaining ſides FO, GP are equal, and by conſequence 
the angle FEO is equal to GEP; whoſe complements to a right angle 
are alſo equal, and meaſure the inclinations of the rays FE, EG to the ho- 
T130n; which was to be proved. 


The 


The demonſtration is the fame when the ray FE is reflected from the 
inſide of the cylinder ; by which I ſhall ſhew that the parhelia muſt ap- 
pear in the great white circle. | | 

540. Hence it appears, when the air is full of thoſe minute upright 
cylinders, that the rays proceeding from the ſun's center or from any o- 
ther point of his diſk, will be reflected from thoſe cylinders towards the 
horizon in the very ſame angle in which that point of the ſun is elevated 
above the horizon. Becauſe by reaſon of the ſun's immenſe diſtance, eve- 
ry,angle of incidence FE O upon every cylinder, whether higher or low- 
er, is of the ſame magnitude. Conſequently the ſpectator below can ſee the 
ſun reflected from thoſe cylinders only, from which a line drawn fo his 
eye makes an angle with the horizon equal tothe altitude of the ſun. There- 
fore if lines be drawn every way from the eye of the ſpectator making e- 
qual angles with the horizon to the ſun's altitude, it is certain that all of 
them together will trace out a circle in the heavens parallel to the hori- 
zon. It is plain therefore that the ſpectator will perceive a white circle 
parallel to the horizon and paſſing through the ſun. It is alſo eaſy to be 
underſtood that the breadth of this circle will be equal to the breadth of 
the ſun. For every point of the ſun's vertical diameter, as well as his cen- 
ter, will illuminate a circle of cylinders of the ſame apparent height as 
the illuminating point. By which means the upper and under edges of 
the broad white circle will be parallel, and at the ſame diſtance from each 
other as the uppermoſt and undermoſt points of the ſun. It is alſo remark- 
able that while-the ſun aſcends or deſcends, this circle will alſo aſcend or 
deſcend, and ſo will become bigger or leſs. And moreover that diverſe 
ſpectators, though never ſo remote from one another, will every one ſee 


a different circle paſſing through the ſun, in like manner as in the rain- 


bow. But this cannot be true of that circle which Des Cartes pro- 
pou to us as the cauſe of this phænomenon. For he ſuppoſes it to be a 
arge ſolid ring of ice ſuſpended in the air, which cannot poſſibly be di- 
rectly over the heads of ſeveral diſtant ſpectators. Beſides that no reaſon 
can be given for its paſſing through the ſun, ſometimes for two or three 
hours together, as we find in fact that it does. It is alſo obſervable that no 
thick clouds are ſeen in the air when theſe circles appear, but ſuch only as 
are very thin and ſcarce viſible. For we find it taken notice of in moſt of 
theſe obſervations, that the ſky was very clear and ſerene. Which is no 
wonder in our hypotheſis, conſidering that theſe minute cylinders conſti- 
cute a very thin cloud, uniformly extended, through which the ſun and 
even the blue colour of the ſky may be ſeen. It happens ſometimes that 
{ome parts of this circle appear faint and ſcarce viſible, for no other rea- 
ſon but want of matter or a ſufficient quantity of cylinders: excepting 
that the part within the halo, though there be matter enough, is leſs diſ- 
cernable, and not taken notice of in ſome obſervations, by reaſon of the 
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neſs of the neighbouring ſun; and chiefly becauſe the white circle is much 
brighter juſt without the circumference of the corona, than in other parts 
of it. The reaſon of which will be underſtood when we explain the lateral 
parhelia at K and N. 

541. As to theſe parhelia at K and N, I fay they are produced by the 
ſame upright cylinders, which produce the great white circle, by means 
of a double refraction of the rays of the ſun, exactly in the ſame manner 
in which corona's are produced by globules with ſnow in their centers. 
For becauſe a certain part of each of theſe cylinders is thawed, and con- 
tains a leſſer cylinder of ſnow within it, the ſun cannot be ſeen through 
thoſe cylinders which eonſtitute the part KN of the white circle, but only 
through thoſe which lye without it, for the ſame reaſon as in corona's. 
From hence it alſo comes to paſs that the interval between theſe parhelia 
becomes ſo much greater as the internal cylinder of ſnow is thicker in pro- 
portion to the-whole cylinder. Buttheſun appears brighteſt of all through 
thoſe cylinders on the outſides of the arch KN, that adjoin to it, and his 
brightneſs decays gradually in going outwards from thence to a certain di- 
tance; and this is the cauſe of the tails of theſe parhelia. But ſince the 
colours appear moſt vivid in thoſe cylinders that are next to the outſide 


of the arch KN, for the ſame reaſon as in corona's; theſe colours make 


the parhelion diſtin& from the reſt of the tail, which is leſs bright and ve- 
ry little coloured; in like manner as the corona and the rain- bow have but 
a ſmall breadth, although they are terminated but on one ſide. Now theſe 
tails and alſo the parhelia at the head of them, always tend towards the 
white circle (as will appear are ral, and make it brighter ſo far as 
they extend. The tail NP of the parhelion at N is drawn as appearing 
out of this circle, but this was either a miſtake or was deſign'd to ſhew 
that the tail tended directly from the ſun: as Hevelius obſerves more ac- 
curately in the phænomenon in 166 1*, Therefore though it is not related 
that the parhelion K had a tail, nevertheleſs it is plain that a certain part 
of the white circle was its. tail, though but a dull one; becauſe this par- 
helion is ſaid to be fainter than the other. And it appears by Hevelius s ob- 
fervations as well as my own, that all parhelia and alſo paraſelenz or 
mock- moons, on each fide of the moon, are conſtantly adorned with tails. 
Laſtly the extraordinary brightneſs of the parhelia, which was ſaid to ri- 
val that of the ſun?, will be eafily accounted for, by conſidering that e- 
very cylinder ſhines throughout its whole length ; whereas the round 


grains in the corona or in the rain- bow emit but a little light, ſo that one 


cylinder may probably afford more light than ten round grains. There- 
fore if there be great plenty of cylinders in the air, it is no wonder that 
theſe images of the ſun appear ſo bright. I ſhall now demonſtrate theſe 
aſſertions, by an accurate conſideration of the refraction of the rays through 
the ſides of the cylinders.. And firſt I ſhall ſhew that theſe parhelia and 
their tails mult neceſſarily appear in the great white circle. 542. 
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42. Let ABCD be one of theſe cylinders hanging upright in the air; 
4 let the ray E F fall — its watery ſurface, and be refracted into the 
cylinder along the line FG, and at G let it emerge by refraction throug 
the watery ſurface in the line GH; I ſay this ray GH will be inclined to 
the horizon in the ſame angle as E is inclined to it; that is in an angle 

ual to the ſun's altitude. For let ABCD be a plane parallel to the axis 
of the cylinder and paſſing through the points F, G; and it will cut the 
ſurface of the ende in equal angles in the lines AB, CD parallel to each 
other, And conſequently fince the ray FG is ſituated in this plane between 
the parallel lines AB, CD, it will be equally inclined to the cylindrick 
ſurface towards Fand G, ſo as to make the angles & FC, FGA equal to 
one another. Hence it is too plain to need any demonſtration, that the re- 
fracted ray G H tends downwards in the ſame angle, as in going backwards 
along GF it would tend upwards along FE *; that is the angles which 
GH and EF do make with the fides of the cylinder are equal. Imagine 
two planes to bedrawn, one through C D and the ray EF, and the other 
through AB and the ray GH; and it evidently follows that theſe two 

lanes are equally inclined to the intermediate plane ABCD in which 

G is ſituated and that the angles, which meaſure their inclinations to 
this middle plane, are K CB, LB C, being made by the interſections of theſe 
planes with the baſe of the cylinder; and conſequently that theſe an- 
gles K CB, LBC are equal. And fince we have ſhewn · that the an- 
gles DFE, BG Hare equal, it appears from hence alſo that the inci- 
dent ray EF and the emergent ray GH after both refractions, are e- 
qually inclined to the horizon. Therefore the ſuns rays ſo tranſmitted 
through theſe cylmders, cannot come to the ſpectator's eye but from thoſe 
cylinders, whoſe apparent altitude is the ſame as that of the ſun; or only 
from thoſe very cylinders in which the great white circle appeared by re- 
flected rays: and conſequently the two parhelia produced by ſuch refrac- 
tions muſt appear alſo in that white circle. 

543. To determine at what diſtance from the ſun the parhelia ought 
to appear, we muſt attend to that ray of the ſun which, in paſſing through 
the water, touches the internal cylinder of ſnow. For ſuppoſing FG to 
be that ray, then BC will alſo touch the ſaid cylinder in the plane of its 
baſe. Therefore drawing O MN in the plane of the baſe, through its cen- 
ter N and parallel ro KC which lyes under the incident ray EF, let it meet 
the line BL in M which lyes under the emergent ray GH; and the angle 
BMN will be equal to the angle which meaſures the inclination of 
two vertical planes, one of which paſſes through the ſun and the other 
through the parhelion ; and both of them through the eyeof the ſpectator, 
And conſequently in fig. 488 the part CN of the white circle, intercepted 
tween the {un and one of the lateral parhelia, will contain the ſame num- 
ber of degrees of its circle, as are contained in the angle BUN. Now this 

D d 2 angu- 
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angular diſtance of the lateral parhelion from the ſun, 'is ſo much the 
greater as the internal cylinder of ſnow is thicker in proportion to the 
whole cylinder ; and moreover ſuppoſing the ratioof the diameters of theſe 
cylinders to be invariable, that angular diſtance becomes greater, as the 
ſun riſes higher: as will appear by the following table, whoſe conſtruc- 
tion, which would have been too tedious here, may be ſeen inthe appen- 


dix to this chapter. ; 


2 Art. 561. 


XVIII. 
T hat ſeveral 
parhelia with 
tails may ap- 
pear together. 


The 1ſt column ſhews the ſun's 

— — | — ; Ak — altitude; the ad the angle made 
F. Tg m ges. min.] by two vertical planes, one paſ- 

| ©. 22. 00[22. 3045. oo] ſing through the ſun and the other 
5. 22. 1022. 3845. 26 through che lateral parhelion, 
10. 22. 3823. 0845. 44] when the diameter of the whole 
15. 23. 2824. oo 49. o4| cylinder is to the diameter of the 
20. 24. 4225. 1652. 46 internal one as 1000 to 4733 the 
25.26. 2627. o4 58. 24 3d column ſhews the ſame angles 
30. 28. 4829. 2667. 42 between the verticals when the ra- 
35. 31. 58032. 4294. 22 tio of the diameters is 1000 to 
40. 36. 18037. 10. | 480; the 4th when that ratio is 
45. 142. 18 43. I4}fion can — 1000 to 680. Sup zoſing this ratio 
50. |51. o0|52. 26 f feen no fr. | as 1000 to 714, then the ſaid an- 
55. |64. 48|66. 64 | rin this] gle of the verticals. will be 88 deg. 
60. 92. 34198. 244 48 min. when the ſun is 25 de- 
— grees high; and can be no bigger in 
this altitude; and this relates to the two parhelia obſerved by Heveliusa. 
44. If a ſufficient number of cylinders be placed above one another 
ſome of which are melted more and ſome leſs, it appears by theſe tables, 
that beſides the collateral parhelia next the ſun, two or more may appear 
farther from him, but ſtill in the ſame white circle: which is alſo con- 
firmed by the obſervations of Hevelius in the year 166 1. Feb. 20. and of 
Scheiner in the year 1630; of which more hereafter. It appears alſo from 
the ſame tables, that while the cylinders remain in the ſame ſituation, and 


the ſun riſes higher, the intervals between him and the two parhelia will 


increaſe, and will decreaſe again while he deſcends lower: the very thing 
that I obſerved and ſhall mention in my account of that obſervation. But 
a greater alteration of theſe intervals may happen if the cylinders be far- 
ther melted: and from hence there aroſe a very remarkable phænomenon 
in former days. For Julius Obſequens relates that in the time of Auguſtus 
Cæſar, when M. Lepidus and Munatius Plancus were Conſuls, there ap- 
peared three ſun's together, which ſoon after were contracted into one orb. 
This is ſuch an appearance as I never met with any where elſe ; but the 
cauſe of it is eaſily underſtood, and is nothing elſe but the warmth of the 
air; which increaſing upon the former temperature of it might ——_ 

melt 
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melt all the ſnow in the cylinders, and by this means both the parhelia 
would draw nearer to the ſun till — coincided with it, when the whole 
cylinders were melted and changed into round drops. And ſeeing this a- 
grees ſo exactly with our theory, it cannot be doubted but we have taken 

the words of Ob/equens in their true ſenſe; although Gaſſendus has endea- 

voured at another interpretation; as if the parhelia appearing at firft, a Op. Tom. 3. 
there preſently broke out a corona which contained them within it. For P. 55. 
then it would not be ſo proper to ſay that three ſuns were contracted into 

one orb, but two rather; neither would this have been ſo uncommon a 

fight. Beſides this, they imagined that a repreſentation of the Triumvirate 

was ſignified by this prodigy; as appears by the following paſſage of Dion 

Caſſius compared with that of Ob/equens. Dion fays, book 45, that the 

light of the ſun er ſometimes to be diminiſhed and extinguiſhed, 

and ſometimes to break out again in a triple orb; (for ſo J interpret his 

words 9 I e Tel xuxAos cui) one of which was ſurrounded 

bya radiating fiery crown; by which future events were foretold. We might 
accurately determine the lengths of the tails of theſe parhelia; but the 

farther they recede from the parhelia the fainter they grow, and therefore 

the true extent of them cannot well be obſerved. It is therefore ſufficient 

to know that they are extended throughout a whole quadrant of the white 

circle beginning from the true ſun; and ſome what farther, as the ſun's alti- 

tude may happen to be greater. But yet their light is frequently ſo weak as 

by obſervers to be taken only for a part of the ſaid circle. ed e 

545. Tam now going to conſider thoſe corona's which almoſt always XIX. 

appear with theſe lateral parhelia, For though corona's are ſometimes * mn 
ſeen without parhelia, yet parhelia never appear without a corona paſling the parhelia is 
through them, unleſs it be ſo weak ſometimes as to eſcape obſervation ; anne by 
and this appearance being not accidental muſt proceed from a certain le. 
cauſe. When ſmall cylinders are produced in the air, it is probable that 
half-chawed globules are lodged there at the ſame time, for the produc- 

tion of corona's. But yet it is difficult to conceive by what cauſe they can 

be thawed in ſo exact a proportion, as to produce a corona that ſhall paſs 
pony through theſe very parhelia. For ſuppoſing the round and ob- 

ong hail to be thawed exactly alike in diameter, nevertheleſs it appears 

by the foregoing tables that the parhelia would lye on the outſide of the 

corona. For when the ratio of the diameter of the outward to that of the 

inward cylinder is as 1000 to 473, the diſtance of the parhelia from the 

ſun at various altitudes will be 22, 28, 36, 51, and any more degrees of 

the white circle, though the ſemidiameter of the corona be but 22 at all 
altitudes of the ſun, when the globules are thawed in the ſame. ratio. This 

alſo is farther to be obſerved that while the parhelia continually approach' 
towards each other when the ſun deſcends, and recede from — other 

when he aſcends, as we obſerved above; the corona ſhould alſo _—_— | 


| 
| 
| 
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and enlarge it ſelf, ſince it always paſſes through the parhelia; but in the 

round grains no cauſe can be aſſigned for ſuch an effect. be fl 
546. But beſides the round grains, it is certain that thoſe very cylinders, 


liquely Which I obſerved may ſwim. in the air in uncertain poſitions, are capa- 


diruated. ble of-producing corona's. For by reaſon of the ſnow within them they 


XXI. 
But by the 


do not tranſmit the rays of the ſun, unleſs they lye wide of a certain di- 


ſtance from him; which angular diſtance is determined by thoſe cylin- 
ders on whoſe ſides the rays of the ſun fall perpendicular; for the reſt of 
them upon which the rays fall obliquely muſt be ſtill remoter from the 
ſun to tranſmit his rays to the eye: as appears by the tables above, taking 
the altitude of the ſun in the table for his altitude above the of the 
baſe of theſe cylinders. So that theſe cylinders as well as the globules may 
produce a corona bounded with a red colour on its ſide next the fun. And 
Probably the corona's that ap with the parhelia may proceed from 
this cauſe. Firſt becauſe theſe little cylinders are alone ſufficient. Second- 
ly becauſe the corona's that appear with parhelia are often brighter co- 
loured than without parhelia. Becauſe the cylinders ſend rays from their 
whole lengths in greater plenty than the round. grains, which ſend them 
as it were but from a point. But to return tothe purpoſe, there is no rea- 


ſon at all why this corona produced by cylinders ſhould paſs through the 


parhelia rather than that which proceeds from round grains. And the 
lame difficulty in the alteration of the diſtance of the parhelia ſtill remains 
as before. There is no reaſon therefore to maintain that the corona which 
pailes'through the parhelia is produced by thoſe cylinders that are placed 
in an uncertain order. Indeed as. to the Roman Phenomenon fig. 488 
I do not doubt but the corona DEF, within the parhelia, was produced 
by cylinders diſpoſed in the manner abovementioned. But ſtill as to the 
other part of the phænomenon there ſeems to be ſome difficulty. 


: 547. Nevertheleſs we may be able to conquer this difficulty byattend- 


round ends of ing more cloſely to the figure of thoſe cylinders. Hitherto we have only 


upright cylin- 


Fig. 491. 


conſidered their ſides ; now let us ſee what ſort of extremities they are 
likely to have. To ſuppoſe them terminated by plane baſes, is by no means 
-agreeable to nature. But becauſe their tops and bottoms are thawed as 
well as their ſides, and to the ſame degree quite round, moſt certainly 
the water at their extremities will affect a round figure; whence alſo the 
inner cylinder of ſnow will be formed ateach endeither into an hemiſphere 
or an half ſpheroid ; and then the ſhape of the whole cylinder with the 
included kernel ought to be ſuch as this figure repreſents in a larger ſize. 
Hence it will come to paſs, that not only thoſe upright cylinders, which 
lye on each fide of the ſun and produce the collateral parhelia, will tranſ- 
mit his rays to the eye, but alſo thoſe that lye above and below and quite 
round him beyond a certain diſtance; which therefore will produce a co- 
Tana, Through thoſe above him the rays will paſs as the r 
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and will touch the top of the kernel in H; and the rays will paſs in like 
manner through the bottom of the lower cylinders as EF GA does, and 
vill touch the bottom of the kernel in K. But ſince the exact figure of the 
convexities B CL and FG M is unknown, it would be in vain to attempt 
an exact determination of the > nn of refraction of the rays that paſs 
through it; and much more of thoſe that paſs towards the ſides of theſe 
oval ſolids. Nevertheleſs having ordered a glaſs cylinder to be made in the 
ſhape repreſented by half this figure ; and having filled it with water and 
ſuſpended an opake ya within it, that might in all places be equally 
diſtant from the glaſs; and having placed this compound cylinder in va- 
rious poſitions between the ſun and my eye, I found by experience it tranſ- 
mitred the rays in ſuch manner that the angles BAN, GA were nearly 
equal to one another and to all other angles under the rays that touched. 
the opake cylinder in paſſing by it; taking the line AN fora line drawn from 
the eye to the ſun; or for a line parallel to it. | 

548. Now fince the little cylinders in the clouds muſt have the ſame xx 
power and property as this fictitious one, they will form a corona which 
will be nearly circular. So that theſe upright cylinders, which formed the 
great white circle by reflection, will alſo form thoſe corona's by refration 
that paſs through the parhelia. Conſidering therefore the neceſſity we 
have ſhewn for the ſhape of theſe cylinders, and that the rays paſſing: 
through their extremities will produce coloured circles, I do not doubt. 
bur theſe circles are thoſe very corona's; otherwiſe ſome irregular and ill- 
ſhaped circles muſt neceffarily be viſible. And though the eye may not 
be able to diſcern a ſmall defect of roundneſs, yet it may happen that one 
diameter of a corona may be different from another. Which Fand is con- 
firmed by obſervation. For in an obſervation made at Rome in the year 
1630, when two circles about the ſun are ſaid to croſs each other above pig. 492. 
and below him; and that parhelia ſhone out from the outward arches on 
each fide of him; it ſeems more probable to me that inſtead of two circles 
crofling each other, we muſt firſt conceive a circle pretty oblong, in 
which two-parhelia were produced: by the upright cylinders, and then 
another circle not quite ſo oblong, touching the other above and below, 
produced either by cylinders in a confuſed. fituation or by round grains. 
For the figure made by theſe oblong circles is fo. very like the figure made 
by two perfect circles, as not eaſily to be diſtinguiſhed from it. And be- 
fides it is exceedingly probable that one and the ſame circle contained two 
parhelia. | | 

49. The circle that paſſes through the parhelia frequently ax ; 

* — above and below, ow brighteſt next 7 n co Henan th The jarts of 
accurately remarked in many obſcryations. The reaſon of this is alſo plain is corona are 
by our glaſs cylinder. For the rays paſſing through the round tops and — 
bottoms of them produce only a ſmall round image of the ſun, as round 


grains 


p an? F 


rains do; but thoſe which paſs towards the ends of the cylindrical ſur. 
Res where they juſt begin to turn roundiſh are formed into a broader 
and brighter pencil; in the ſame manner as thoſe are which produce the 
parhelia; which makes the corona grow gradually brighter and brighter 
towards the parhelia both above and below, and more intenſely coloured. 
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XXIV. 580. Having explained the cauſes of the two corona's in the Roman 
Laie pacx Pare Phznomenon, let us proceed to account for thoſe two parhelia L, M 


tow produced. Which appeared in the back part of the great white circle. Theſe I ſay, 
: are produced alſo by the upright cylinders ; by the ſame refractions of 
| the Fara which produce the rain-bow. It mult be obſerved and ſhall 
be demonſtrated by and by, that the inner opake cylinders are fo far from 
contributing to the production of theſe parhelia, that ſometimes they hin- 
der their appearance. But yet the inner cylinder of ſnow is abſolutely ne- 
ceſſary, whether the outward ſhell that contains it be made of water or 
ice. For without the ſnow the watery cylinders would immediately be 
changed to round drops; and the whole cylinders cannot be all ice, be- 
| cauſe we cannot conceive them to be every where tranſparent, without 
ſuppoſing them quite liquid before they were frozen; which I have juſt 
now ſhewn to be inconſiſtent with a cylindrical figure. 
+ -. NV. 55 1. But before we conſider the manner of refraction through cylinders, 
e it will be convenient firſt to conſider it in round drops, to ſhew the cauſe 


n of the rain- bow, which Des Cartes firſt * diſcovered. Let ABC be a glo- 
ck parhelia 


bebe parne bule of water, DAa ray of the ſun falling upon it, and refracted from 4 
z in the hori- to B, and then reflected from B to C; ſo that AB and BC may be equal; 
20n. and at C let it be refracted again towards the eye at E. Again drawing 
2 4% Hand EF parallel to che ray DA, and making the angle FEG equal 
b b See the re- to FEC, it appears by Des Cartes's tables b, that the angle HCEwill va- 
marks upon ry its magnitude according as the ray DA is ſuppoſed to fall upon diffe- 
9 parts of the drop; but ſo as never to exceed 41* 30“; and therefore 
the angles CE Fand FEG never exceed that quantity. Hence it follows 
that no drops that lye out of the cone C EG can tranſmit any rays to the 
eye; and of thoſe that lye within it, the neareſt to the conick ſurface will 

tranſmit them moſt plentifully ; and by this means the brighter dr 
which boarder upon the dark ones will be more apparent and will make a 
round ring; which would be viſible quite round but for the ſurface of 
the earth; whereas one half at moſt can only be ſeen when the ſun is in 
the horizon. This is the true cauſe of the rain-bow, which any one may 
examine experimentally, by expoſing a glaſs globe full of water in the 
ſame poſition to the ſun as the globule ABC. Suppoſe now the circle 
ABC to be an horizontal ſection of an upright cylinder, and that innu- 
merable others are placed upright upon the plane of the horizon, and that 
the rays of the ſun being alſo in the horizon are refracted through them 
an the ſame manner as through the drop ABC, ſo as to make the greateſt 


angle 
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angle HCE or CEE equal to 41% 300: and it follows that no cylinder 

out of the angle CE G can tranſmit a ray to the eye; and that thoſe which 

are neareſt to the ſurface aforeſaid will tranſmit the moſt rays. Therefore 

a ſmall portion, like the baſe, of a rain-bow will appear in the cylinders to- 
wards C, and another likewiſe towards G; and the intercepted arch of the 
horizon will contain as many degrees as the angle CE Gdoes, that is 83*. Thus 

we have two parhelia much brighter than the parts of the rain-bow, as 

being uced by cylinders, which tranſmit more rays than globules do, 

as we have often obſerved before. Thus much for the appearance of par- 

helia when the ſun is in the horizon. 

552. But the ſun being elevated, theſe two back-parhelia will appear in u 


hy the back 


the white circle. To demonſtrate this, let AB C D be an upright cylinder parhelia ap- 
in the air; E Fa ray of the ſun falling upon it; FC the ſame ray refract- par in the 
ed into the cylinder, GH the ſame ray reflected from its ſurface at G, cre. 
and HK the ſame ray emerging by refraction at H: I ſay the incident and Fig. 494- 
emergent rays E F, G H will beequally inclined to the plane of the horizon. 

553. For by the laws of reflection the ray FG will be ſo reflected into XXVII. 
the line GH, that two planes drawn through FG, G Hparallel to the axis Donat 
of the cylinder, will cut the baſes and ſides of the cylinder in two paralle- 
lograms PAQC, AB D equal to each other in length and breadth; and 
the rays FG, GH will be equally inclined to the ſides of theſe parallelo- 
grams. This is plain enough by what has been demonſtrated and obſerved 
at the end of the 539th art. Therefore ſince the rays FG, GH are equally 
inclined to the lines PC, BD, the ray GH in going forward will emerge 
by refraction at Halong HK, and G F —— to go backwards will emerge 
at F along FE* in ſuch manner that the angles PFE, DHK will be e- Art, 9. 
qual. Now let the line CL lye in the plane of the baſe directly under EF, and 
alſo DM under HK; and the angles CL, M will be equal; and 
ſince the angles PFE, D HK are equal, the rays EF and HK will be e- 
guy inclinedto C Land DM, that is to the plane of the horizon. There- 

ore the ſun's rays tranſmitted along theſe lines that bend about the cylin- 
ders hanging in the air, cannot come to the ſpectator's eye, but from thoſe 
cylinders only whoſe apparent height above the eye is equal to the appa- 
rent height of the ſun; that is from thoſe only which cauſed the white 
circle to appear by reflections from them. And ſo it is manifeſt that the 
3 thus produced can appear no where elſe but in the ſaid white 
circle. 

554. Now the reaſon why theſe parhelia appear in certain determinate XXVII. 
places of the white circle, is altogether ſimilar to that which we gave for | — 
the rain-bow. For if in the plane of the baſe the lines DN, MO be drawn back parhelia 
parallel to CL which lyes under the incident ray EF; I find that the an- g s 
gle MDN or DMO cannot exceed a certain determinate magnitude; * 
and that its greateſt magnitude will vary while the ſun's altitude "_ | 

E e or 


! 
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For example, when the ſun is 25 degrees high this angle is 33* 18 at 
moſt ; and ſince the rays which fall upon the cylinder emerge in the limit 
of this greateſt angle more copiouſly than when it is ſmaller ; this greater 
quantity of rays is the cauſe that the parhelia appear on each fide of MO 
at that angular diſtance. Drawing therefore MR in the plane of the baſe 
fo as to make the angle O MR equal to OM D, the angular diſtance of the 
two parhelia will be equal tothe whole angle DMR: ſo that two verti- 
cal planes ſtanding upon the lines MD, MR will paſs through the parhe- 
Fa; and the arch of the horizontal circle and likewiſe that of the white 
circle parallel to it and intercepted between theſe planes, will contain ex- 
actly as many degrees as the angle DMR does. The number of degrees in 
half this angular diſtance is computed in the following table for ſeveral 
altitudes of the ſun. But the manner of making the computation, being 
too prolix for this place, is taught in the appendix to this chapter. 
— — I )be ſecond column of this table ſhews the angle be- 
Degr. | deg. min. tweena vertical plane, — through the ſun, and 
o. 41. 30 another paſſing through one of the parhelia, anſwering 
5. 41. 08 to the ſun's altitude put over againſt it in the firſt 
10. 40. 14 column. : | | 
| 55. By this table I find the diſtance between the 
20. 36. 16 back parhelia of the Roman Phænomenon to be about 
60 degrees. For the height of the pole at Rome being 
r | * 
30. 29. 36 42 2, the fun's altitude there at three o clock in the 
35. |25. 16 afternoon was about 30 degrees; and in this table half 
40. 20. 12 the diſtance of the parhelia anſwering to this altitude 
4c. 14. 40 is 29360. Indeed in Scheiner's ſcheme as it is drawn 
"; in Gaſſendus's little book, the diſtance of theſe parhe- 
56. 3. ob lia exceeds go degrees; but it was neither meaſured nor 
8. | o. 32 eſtimated, nor ſo much as mentioned; and therefore I 
25 | — dare affirm it is repreſented too big in the figure. For 
the diſtance between any two points in the heavens appears ſo much the 
greater as the points are nearer to the horizon: juſt as the diſtances be- 
tween the ſtars in the great Bear, for example, ſeem to be twice as big 
when they are near the horizon as when they are near the vertex. For the 
like reaſon the diſtance between theſe two parhelia ſeemed to bear a great- 
er proportion than it really had, to an arch, which paſſing through the 
vertex, defined the magnitude of the diameter of the white circle KL MN. 
But this could not happen in the diſtance between the parhelia K, N, be- 
cauſe of the known magnitude of the circle DEF, whoſe diameter is 4.5 
degrees. The ſame fallacy in the diſtance of the back parhelia will appear 
plainer in ſome of the following obſervations. It is alſo upon the ſame ac- 
count, that the diſk of the ſun appears almoſt twice as big in the horizor: 


as 
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as when he is higher elevated ; and likewiſe that the rain-bow appears 
to be a part of thegreateſt circle of a ſphere, whereas it is not half ſo big. 

556. Now the cauſe of this fallacy in ſhort is this; that we think the xxx. 
ſun or any thing elſe in the heavens to be remoter from us when it is near Nene 
the horizon, than when it approaches towards the vertex. Becauſe we pear larger © 
imagine every thing in the air, that appears near the vertex, to be no farther near the hori- 
from us than the clouds that fly over our heads. Whereas on the other r ws "—_ 
hand, we are uſed to obſervea large extent of land, lying between us and 
the objects near the horizon, at the far end of which the convexity of the 
{ſky begins to appear; which therefore together with the objects that ap- 
pear in it, is uſually imagined to be much farther from us. Now when 
two objects of equal magnitudes appear under the ſame viſual angle, we 
always judge that object to be larger which we think is remoter. And this 
is the true cauſe of the deception we have been ſpeaking of. 

557. But to return to the parhelia; it muſt be obſerved, that in the Ro- _ XXX1. 
man phenomenon they are ſaid to have appeared white, whereas they 200 N 
ought to have been coloured, for the ſame reaſon as in the rain- bow and parhelia con- 
in the glaſs cylinder filled with water. I take the cauſe of this whiteneſs ſidered. 
to ariſe from the weakneſs of their light, as we ſaid before of corona's that 
ſometimes appear white 2. This alſo happens to the lateral parhelia, as * Art. 530 
appears by the accurate obſervation of Sam. Kecbelius to be ſeen in the a | 
pendix: in which the parhelion C, which was fainter than the other, is *'s- 303. 
ſaid to change from yellow to white, which is the ſame as the filver co- 
lour obſerved in our parhelia. Now the yellow and white colours, which 
the cylinders tranſmit by the refractions aforeſaid, being far more ſplen- 

did than the red, it muſt neceſſarily follow, that when but few cylinders re- 

main, the red will diſappear before the yellow and white; and fo the 

light of the parhelia will remain without any tincture of colours. But that 

theſe back parhelia do ſometimes appear coloured, is evident from the 
Engliſh obſervation, taken from Math. Paris's Hiſtory, to be ſeen in the Fig. 50. 
appendix. Where we are told that beſides the true ſun, four mock- ſuns 
appeared red in a great circle of the colour of chryſtal; and that two of 

theſe were back parhelia, is manifeſt from the figure, though faulty per- 

haps in other reſpects. 

558. This ſcarcity of cylinders may perhaps be the reaſon that in ma- 3 
ny obſervations theſe parhelia have not appeared, although the white cir- eli dont 
ele was plain enough to be ſeen: as in a phænomenon at Rome in the year appear ſome- 
1630 and in that ſeen by Hevelius in the year 1661 Feb. 200; and in ſome Me 1 
others: in which the parhelia did not appear by reaſon of too faint a ligt. 
Nevertheleſs there is another thing which may hinder their appearance; 
namely if in the back part of the white circle, the inner cylinders contained 
in the water be too thick in proportion to the water; for then they will 
ſtop the rays which ſhould produce theſe parhelia. For I find when = 

| Ee 2 lun 


Fig. 499. 


Fig. 495- 


XXX TIT. 


parhelia have 
no tals. 
Fig. 488. 


1 Art. 551. 
552. 


XXXIV. 


XXXV. 
Tranſition to 
an extraordi- 
nary phæno- 
menon of 7 
ſuns ſeen at 
Dantzic& by 
Heveltus. 
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ſun is 25 degrees high, if the diameter of the opake cylinder ſhall bear a. 
greater proportion to that of the whole than 390 to 1000, that no back. 
parhelia can appear. Hence in a phenomenon obſerved at Rome in the 
year 1630, when the ſun was 28 degrees high, if the cylinders that pro- 
duced the parhelia M and N did not extend ſo far as to the back part of 
the white circle, and no others lay there but ſuch as produced the parhe- 
lia O and P, no back parhelia could appear in that region: ſince in theſe 
cylinders the ratio of the internal to the external diameter was as 624.to 
1000. Likewiſe in Hevelius s obſervation when 6 parhelia appeared, the 
ſun being 25 degrees high, if the cylinders that produced the lateral par- 
helia Band C did not extend to the back part of the white circle, and no 


others lay there but ſuch as produced the parhelia E and D, the back par- 


helia could not appear. For the ratio of the diameters of theſe internal and. 
external cylinders was 714. to 1000. 


Whiy the tack 559 The reaſon why the back parhelia in the Roman Phenomenon 


appeared rounder than the lateral ones is this. Although ſome cylinders 
in the arch LM, that lye not far from L and M, ſend ſome refracted rays to 
the eye, yet they are not near ſo numerous as thoſe which come from the 
cylinders at Land M*; and therefore theſe parhelia have no tails that 


are far extended, like the lateral ones. Beſides this, the refractions through 


the cylinders that produce the back parhelia,. are more regular. For the 
rays are not confined in their courſe by the opake cylinders within, but 
receive their directions from the refractions at the moſt exact figure and 
poliſh of the outward watery ſurface of the cylinders. For the dark cylin- 
ders within not being exactly equal to one another, are the cauſe of the 
irregular and inconſtant ſhape of the lateral parhelia. The reaſon of the 
reciprocation or fluctuating motion of the tail of the parhelion N, was 


that ſometimes fewer and ſometimes more cylinders were carried into that 


place; which is alſo the reaſon that the corona DEF was ſometimes en- 
tire and ſometimes open below, and that the parhelion K grew. brighter 
while N grew duller, 

560. I have now gane through the explication of every particular of 
the Roman Phænomenon, referring the cauſes of all the parhelia and cir- 
cles in it to half-melted cylinders, partly upright and partly in a confuſed 
order; which cauſes, ſoagreeable tothe phænomena and alſo to one another, 
do every where confirm one another; ſo that I think the reality of them 
cannot be doubted. | 

561. Having accounted for every particular in the Roman Phznome- 
non, let us now proceed to Hevelius s obſervation, 2eth Feb. 1661; in 
which more ſuns and circles were abſerved, and ſome of them in a diffe- 
rent poſition from thoſe we have hitherto conſidered. But fince the cauſe 
of them is not to be found either in the upright cylinders, or in thoſe that 
fly about confuſedly ; (for our glaſs cylinder viewed in all poſitions diſ- 


COvers 


. K 42 nne 
3 9 


aA 


3 


© 
© 


1,7 \\ 
UML 
228 


j 


2 


* 
N 


7 

2 

. 
> 


ll 
| 
| 


* 


| 


| 


CHAP» 11. AND PARASELENSG@E, 227 


covers nothing elſe but the particulars of the Roman Phænomenon ;) it 
ſhould follow that ſomething elſe muſt happen in the air: and yer I ſhall 
ſhew it to be nothing more than a certain poſition of thoſe cylinders, 

which has not yet been conſidered. But in the firſt place let us repreſent 

the phænomenon it ſelf, by Hevelius's figure deſcribed in his own words, 
taken from the appendix to his Mercurius in Sole viſus. pag. 174. 


On Sunday in the year of our Lord 1661. Feb. 20. New Style, a little pig. yo; 


before eleven o clock, the ſun being towards the ſouth and the sy very clear, 
there a” even ſuns together in ſeveral circles, ſome white and ſome 
coloured, and theſe with very long tails, waving and pointing from the 
true ſun, together with certain white arches croſſing one another. 1. The 
true ſun at A, being about 25 degrees, high was ſurrounded almoſt entirely by 
a circle whoſe diameter was 4.5 degrees, and which was coloured like the 
rain-bow with purple, red and yellow; its under limb being ſcarce 24 de- 
grees above the horizon. 2. On each fide of a at B and C towards the 
weſt and eaſt there appeared two mock-ſuns, coloured, eſpectally towards the 
fun, with very long ſplendid tails, of a _— colour and terminating in a 
point, 3. A er greater circle YX HV Z almoſt go degrees in diameter en- 
compaſſed the ſun and the former leſſer circle GBIC, and extended it ſelf 
down to the horizon. It was very ſtrongly coloured in its upper part, but 
was ſomewhat duller and fainter on each fide. 4. At the tops of theſe two 
circles at G and HN were two inverted arches, whoſe common center lay in 
the zenith, and theſe were very bright, and beautifully coloured. The diame- 
ter of the lower arch Qs R was go degr. and that of the upper one THS 
was 45 degr. Inthe middle of the lower arch at G, where it coincided with 
the circle BG C, there appeared another mock-ſun, but its light and colours 
were dull and faintiſh. 5. There appeared a circle BEFDC much bigger 
than the former, of an uniform whitiſh colour, parallel to the horizon at the 
2 of 25 degr. and 130 degr. in diameter; aich =P as it were from 
e collateral mock-ſuns B and C, and paſſed through 3 other parbelia of an 
uniformwhitiſb colour like filver; one at D almoſt go degr. from the true 
ſun towards the eaſt; another at E towards the weſt; and a third at F in 
the north, diametrically oppoſite to the true ſun; all of the ſame colour and 
brightneſs. There paſſed alſo two other white arches EN, DP of the greateſt 
circle of the ſphere, through the eaſtern and weſtern mock-ſuns E, D, and 
alſo through K the pole of the echiptick ; they went down to the horizon at N 
and P, croſſing the great white circle obliquely, ſo as to make a white croſs. 
at each * 1 0 So that ſeven ſuns appeared very plain at the ſame time; 
and if I could have ſeen the phenomenon ſooner from an eminency, I do not 
queſtion. but I ſhould have found two more at H and I, which would have 
made nine in all. For there remained in thoſe places ſuch marks as mate this 
ſuſpicion not improbable, | 


hes. 
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This moſt delightful and extraordinary fight laſted from 30 minutes 75 
TO fo 5 1 min. paſt 11; thougb it had not the ſame appearance all that while, 
but ſometimes one and fometimes another. It appeared in the perfection of 
this deſcription at about eleven a clock, and then degenerated by degrees. 
The northern mock-ſun at F vaniſhed firſt of all together with a part if its 
circle; the other parhelia with their arches laſted till ten minutes paſt ele- 

wen, then the eaſtern mock-ſun and after that the weſtern vaniſhed with 
both the croſſes. Soon after this the collateral parbelia C, D ſuffered ſeveral 
changes, ſometimes one was brighter than the other in light and colours, and 
ſometimes fainter and darker. For at 18 min. paſt 10, the eaſtern parhelion 
C vaniſhed while the weſtern parbelion at B remained wn conſpicuous; and 
24 min. paſt 11 the eaſtern one was very bright again and remained ſo while 
the weſtern one diſappeared at 40 min. paſt 11; although this weſtern one 
had almoſt always the longer tail. For the tip of it was frequently extended 
for zo degr. . go, as far as the parbel ion E; but the tail of the 
eaſtern one C was ſcarce above 20 degrees. At 30 min. paſt 11 the great ver- 
tical circle YXHVZ, was deſtroyed; but the inverted arches H and G to- 
gether with the collateral parheliaB and C, continued to the laſt. | 
The ſcheme of this phenomenon is drawn in the ſame manner as the con- 
ſtellations are drawn upon an artificial globe, to be viewed by the eye on the 
outfide of it. For by this means every thing is repreſented much clearer and 
diſtincter. Nevertheleſs the place of the obſerver was nearly under the ze- 
nith within the circle parallel to the horizon ; ſo that the true ſun appeared to 
him in the meridian, the mock-ſun F in the north, and the other two at D 
and E on each hand. But if you defire to have this extraordinary pbænome- 
non repreſented a little piainer; upon an artificial globe whoſe = eis eleva- 
Zed to our altitude at Dantzick, with the center A, in the 2d deg. of Piſces, 
where the ſun then was, and with a ſemidiameter of 224 degrees, deſcribe 
the circle GBIC; 2. and then the circle X XH VZ with a radius of 45 de. 
grees; 1 and with the ſame center and ſemidiameter of go degrees, draw 
the circle NEKDP through the tao white mock-ſuns E, D. 4, And with 
a ſemidiameter of 222 the zenith being the center, draw the arch THS; 
5. and alſo the arch C R with a radius of go degrees upon the ſame cen- 
ter; G. and laſtly the circle BEFD C parallel to the horizon with a radius 
of 90 degrees. And the draught being finiſhed in this manner will appear 
very beautiful and harmonious ; and, by the grace of God, may afford an oc- 
cafion of diſcovering the natural cauſes of all ſortsof parbelia and paraſelenæ. 

. 362. In this phænomenon, as well as in that at Rome, we have the large 

feveralparticu- White Circle; the collateral parhelia B, C and the corona BG CI; all which 

Lars of this are produced by cylinders in an upright poſture, as we have explained 

phznomenon. above; and likewiſe the parhelia D, E, with the arches NE, PD 2 
through them, for the reaſons given in the xxi and xxii ſections. And by 
what has been ſaid in xxiii and xxxiv ſections it appears why 7 T5 = 

3 
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NEKDP, which has the ſun for its center, had a little opening at the 
top of it: and in the xxxii ſection it is explained how it happened that 
no back parhelia appeared. The diſtance of the two parhelia E and D 
from.the ſun A, ought to have been within 88* 48'. For when the ſun was 
25 degrees high the lateral parhelia could not appear at a greater diſtance 
EA ; and being at this limit, they ought to appear very faint and 
languid in compariſon to the two parhelia and C. For this reaſon they 
appeared white as well as the arches EN, DP according to ſect. xxxi. 
The circle ZH Y was produced either by round grains or by cylinders fly- 
ing about confuſedly according to ſect. xx; or laſtly for another reaſon to 
be mentioned in the xli ſection. 
563. But the chief thing to be inquired into, is the cauſe of the arches 
THS, QR andof the parhelia G and H that appeared in them. For the 
arhelion F, diametrically oppoſite to the true ſun, ſhall be conſidered 
of all. We obſerved above that the cylinders were ſupported in the 
air by vapours aſcending from below like a wind; which contributed both 
to their production and to their upright ſituation. Now beſides this up- 
right poſture I find that moſt of the cylinders ought to affect an horizon- 
tal one; and it appears by experiments that they really muſt do ſo. For 
if a parcel of cylinders be ſuffered to deſcend with a gentle motion either 
through the air or through water; they will almoſt always fall down in 
an horizontal poſture ; that is as ſoon as they have deſcended fo far that 
their celerity cannot be farther increaſed. Now if the water or air through 
which theſe cylinders deſcend, be ſuppoſed to tend upwards withthe ſame 


2 Art. 54 


XXXVIT. 


A great many 


cylinders lye 
horizontal. 


velocity as the cylinders tended downwards; the caſe comes to the ſame: 


as that of little cylinders ſupported in the atmoſphere: ſo that no one can 
doubt but a great number of them lye horizontal. Indeed from the expe- 
riments above mentioned it might be inferred, that almoſt all of them 
ſhould be horizontal, and ſcarce any of them upright. But it muſt be con- 
ſidered that our experiments are but an imperfect e of what na- 
ture does in the atmoſphere; for the upright poſture is abundantly atteſt- 
ed by thoſe effects which have been clearly demonſtrated to follow from it. 

564. I ſay then that theſe inverted and coloured arches, ſuch as 2G R, 
THS, are produced by thoſe cylinders, whoſe axes are parallel to the 
plane of the horizon, though not to one another. To underſtand this 
matter, firſt let us ſuppoſe a vaſt number of cylinders lying promiſcuouſly, 


XXXVIIT: 


Hence follows 


thoſe arches 


that are convex 


towards the 


with their axes pointing towards the eaſt, ſouth-eaſt, ſouth, weſt, and all ** 


other points of the compaſs; and then let us conſider that the rays which 
produce theſe arches are tranſmitted through the cylinders by two refrac- 
tions, in like manner as thoſe were which produced. the collateral parhelia. 
Now ſuppoſing the ſun to be in the ſouth, for example, it will tollow that 
thoſe parts of theſe arches, at H and G, which lye neareſt to the ſun, will 
be produced in thoſe cylinders whoſe axes point directly eaſtwards or * 

wards ;. 


— —— — 
o 
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wards; that is in thoſe cylinders which receive the ſun's rays at right an- 

gles to their axes. For of all the cylinders in all poſitions, theſe that point 

eaſtward or weſtward are the neareſt to the ſun that can tranſmit his rays 

= Art.543- to the eye. And for other cylinders to do the ſame thing in other poſi- 
a tions, it is requiſite they ſnould lye farther and farther from the ſun; ac- 
cording as their axes point farther and farther from the eaſt or weſt. Be- 
cauſe the rays of the ſun are more and more elevated above the planes of 
their baſes; and conſequently produce the ſeveral parts of theſe inverted 
arches, which lye farther and farther from their middle parts at G and H. 
Having carefully conſidered what fort of ſhapes theſe arches will have b, 
I find this difference: vi. when the ſun is in the horizon the inverted ar- 
ches, one of which touches the circle of 45 degrees and the other that of go 
degrees, are like the horns in the 496th figure. But the leſſer of the two 


< minorautem horns ſhews the ſhape [of the arch e]; and the red colour is always next 
nuum feuram the ſun. The ſame figure ſhews alſo the faid arches when the height of 
exhiber. the ſun is 10, 20, 3o, 40, degrees. From which it appears that the mid- 
dle of theſe horns are like pieces of circles, but towards their extremities 
they are bent the contrary way. And ſince the ſun ſhines more directly 
upon thoſe cylinders which produce the middle of the arches, and more 
obliquely upon thoſe which produce their extremities, it is no wonder 

that only the middle parts are viſible, as being brighter than the reſt. 
XXXIX. 565. Now the parhelia which appear exactly in the middle of theſe ar- 
The parhelia ches, as at G, are nothing elſe but the brighteſt parts of them; and there- 
arches ex- fore never apptar quite diſtinct nor much brighter than the adjoining parts 
Plined. of the arches. Accordingly Hevelius in all his obſervations of this kind, 
95. that is, of two parhelia and one paraſelenæ, has taken notice that they ap- 
peared ſomewhar dull, heavy and faint. And he was not ſure whether 
there was a parhelion at H or not. Now the reaſon why the middle part 
of the arch appearsa little diſtin& from the reſt may be this. That though 
there be great plenty of horizontal cylinders in the air, yet they may be 
fo ſhort as to have but little of a cylindrical ſurface, or perhaps may be like 
oblong ſpheroids. Beſides we find it perfectly agreeable to Heveliussobſerva- 
tions, thatthe higher the ſun or moon and the corona areelevated above the 
horizon, the inverted arches appear the flatter. For in his obſervation of 
Fig. 499 to the paraſelenæ, in which the moon's altitude was 26 or 27 degrees, the 
_—_ arch over the firſt corona was part of a very large circle; as likewiſe in 
the phenomenon of 7 ſuns fig. 495. Butin that of Apr. 6. and Decemb. 
17. 1660, in which the ſun's altitude was but 12 or 13 degrees, the in- 
| verted arches were parts of much ſmaller circles. It muſt he confeſſed 
that the upper parts of theſe arches are repreſented much leſs by Hevelius 
than according to the following calculation. But the reaſon is, that arches 
ſo highly elevated above the horizon do neceſſarily deceive the fight ; ſo 
as to appear to be parts of much leſſer circles than they really are. For by 


what 


b See Art. 567. 
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what has been ſaid in the xxix ſection, it is evident that the ſame circle o- 
verhead appears but half as big as when it is near the horizon, which is 
true likewiſe of the parts of arches. 

566. As to the arches which according to our hypotheſis ought to ad- XL. 
| here tothe loweſt part of the interior corona; in Hevelius's two obſerva. end arcle 
tions upon Mar. 30. 1660. fig. 499. and in that of the 7 ſuns, theſe arches corons's. 
might have been obſerved; and indeed they did appear in ſome meaſure, 
eſpecially in the laſt obſervation. For he ſays there was ſome remains of a 
parbelion at I fig. 495. but it appeared very faint for want of matter which 
ſeldom extends fo far. ay 

567. The way to find the ſhapes of thoſe inverted arches is this. Upon , LL, 
a ſpherical ſurface ABC with the pole B deſcribe a great circle ADC re- - <7 honor” 
preſenting the horizon; then let B E Dbe a vertical circle paſſing through the inverted 
the ſun at E; ſo that DE may be the ſun's altitude at the time of obſer- 3 
vation. Now to find the inverted arch which touches the leſſer of the two 
corona's; in the vertical BED take EF and EG each equal to 22 degrees, 
and the points F, G will be the higheſt and loweſt points of the corona, 
and likewiſe the middle points of the inverted arches which we are going 
to determine. To find any other points of them by means of the horizon- 
tal cylinders in various poſitions, let us imagine a great many of them to 
have their baſes parallel to a vertical circle B M, and let the circle HEK 
be parallel to it and paſs through the ſun. Now if we recolle& what has 
been demonſtrated above concerning the effects of upright cylinders}, and * Art. 543: 
if we imagine the circle BM to be our horizon in whoſe center N the ſpe- 
ator is placed; and if we ſuppoſe the circle HEK, parallel to BM, to be 
the white circle paſſing through the ſun ; the arch HM will be the ſun's 
altitude above the horizon BM and alſo his altitude above the planes of 
the baſes of the cylinders we are now concerned with; for we ſuppoſed 
their baſes parallel to the circle BM. Things being thus conceived we 
have nothing elſe to do but to determine the points K, L in the circle 
HE K where the lateral parhelia would appear; which is eaſy to be done 
by the table in the xvii ſection. For example let the arch HM, which is 
imagined to meaſure the ſun's altitude above the baſes of the cylinders, 
be 30 degrees; and the table ſhews that each of the arches EK, EL are 
28* 48'; and one of the points K, L ſo determined, will be in the upper, 
and the other in the under inverted arch: and by the ſame means we may 
find as many points as are neceſſary to diſcover the ſhape and bending of 
the arches FK, GL. And by the ſame method we may determine the in- 
verted arches that touch the higheſt and loweſt points of the larger corona. 
But before we diſmiſs the conſideration of this phænomenon, let us obſerve 
that the circle Z HI, fig. 495, might alſo be produced by theſe horizontal 
cylinders, although in the xxxvi ſection we aſcribed its origine to the cy- 
linders in all manner of ſituations, or to 2 half thawed grains. For _ WC 
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have ſhewn in the xxi ſection how the upright cylinders produce a corona, 


ſo the horizontal ones may do the ſame thing; becauſe their extremities 


may be terminated by hemiſpheres or half ſpheroids. And it is very pro- 


LXII. 
Tebeiner”s ab- 
Ervation in 
1530 explain- 


el. 


Wig. 408. 


bable that this was the true cauſe of the circle ZH Y mthis phenomenon, 
becauſe we ſee it proceeds downwards-on each fide from the pirhelion H; 
and we ſhall alſo obſerve the ſame thing in other parhelia. For this ſeems. 
to intimate that the ſame horizontal cylinders produced both the circles 
wre are ſpeaking of, and alſo the inverted arches. 

568. Theſe things being underſtood: we ſhall find no difficulty in ex- 
plaining that other obſervation of Scheiner's in 1630 in which there ap- 
peared fix ſuns as deſcribed in the appendix. We need only obſerve that 
the parhelia O and P appeared in the interſections of the larger corona and 
of the white circle, becauſe this corona was produced by upright cylin- 
ders according to ſection xxi. Nevertheleſs fince the higher parhelion R 
is alſo in this corona, the upper part of it may alſo: be produced by hori- 


zontal cylinders in the manner abovementioned. There was no inverted 


arch obſerved to paſs through the parhelion Q, becauſe it might not be 


I. XVIII. 
A ſolution of 
3 other phæ- 
nomena obſer- 
ved by Heve- 
Aug. 
Fig. 499 to 
501. 


XLIV- 
The. vertiea!- 


beam explain- 
ed. 
Fig, 50m. 


much extended on each ſide of 2; and therefore might not recede far e- 
nough from the corona Z Ag to . diſtinct from it. For the ſun's al- 
titude being 28+ degrees, this arch was bent upwards but very little; be- 
cauſe we have already obſerved. it was very flat when the ſun's height was 
27 degrees. The cauſe of the double circle that compoſed the inner co- 
rona has been mentioned in the xxii ſection. | | 
569. The cauſes of three other phænomena in the appendix, obſerved 
by Hevel:us. the 30 Mar. the 6 Apr. and the 17 Decemb. are ſufficient- 
ly evident from what has been ſaid. Except that in the laſt of them there 
appeared a white croſs, made by two beams of light, one vertical. and the 


other horizontal, that croſſed each other in the diſk of the moon. The rea- 


ſon is evident from thoſe vertical and horizontal cylinders which produce 
the paraſelenz and circles paſſing through them. For the horizontal beam 
was nothing but a piece of the large white circle that uſually paſſes through 
the ſun, as explained in the xi11 ſection. The reaſon why this horizontal 
beam does not always appear may be the want of matter, that is of up- 
right cylinders; or it. may be extinguiſhed by the ſuperior brightneſs of 
the ſun or moon, as we obſerved in the xiv ſection. 

570. The other beam that was perpendicular to-the horizon was pro- 
duced by reflection of the moon's rays from the cylinders that lay hori- 
zontal; by which alſo theſe inverted arches were made, as _— a- 


bove. Naw fince the ſides and axes of theſe cylinders are parallel to the 


plane of the horizon though not to one another; it follows when the ſun's 
altitude is ſo ſmall as in this obſervation, (for it was but 12 degrees), that a 
great multitude of thoſe that appear to be ſpread from the horizon up to a 
cerlain diſtance above the moon, will reflect the moon's rays to the eye 5 | 
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if they came from this —— beam: which will be the narroweſt 
and better deſined at its edges next the moon than any where elſe; and 
the lower between the moon and the horizon will be more perfect 
than the other part above the moon; where it ought to be dilated il it 
vaniſhes, Which ſeems to be agreeable to the phænomenon, ſo far as ap- 
pears by the draught of it. In one thing indeed there is a difficulty in the 


theory; that is how an upright beam, cauſed by theſe reflections, could be 


ſo neatly terminated on each fide as the figure ſeems to require; becauſe 
many of the horizontal cylinders that appear out of this beam may reflect 
rays to the eye; but the number of them is far leſs than the number of 
thoſe that lye in the beam. Whar has been ſaid of this bright beam may be 
demonſtrated by the 497 figure. For let ADC be the horizon, as before; 
E the moon whoſe altitude, meaſured by the vertical arch ED, is 12 de- 
grees; BM another vertical ſuppoſed to be parallel to the baſes of a cer- 
tain portion of the horizontal cylinders; HE a lefler circle parallel to 
BM; and of this portion of cylinders thoſe only that appear to lye in this 
circle HEK will reflect the moon's rays to the ſpectatot at N. In like 
manner every other portion of cylinders that have other particular direc- 
tions, will have a lucid circle paſſing through the moon and extended 
down to the horizon. And as this circle XE ¶, in the parts next the moon 
at E, approaches very near to the vertical paſſing through the moon, ſo does 
a great number of other circles; ſo that by all of them taken together there 
is formed a bright ſort of a column paſſing through the moon's vertical 
BED. And this column will be ſo much the brighter and more conſpi- 
cuous as the moon is lower. Becauſe more of theſe lucid circles are crowd- 
ed into a narrower ſpace, and are produced by a greater number of cylin- 
ders whenthe'moon is low than when ſhe is higher elevated. 

571. This was alſo the cauſe of another meteor obſerved at Caſſel 
Jan. 2. 1586. by Ch1ifopher Rothman ; which he relates in this manner, 
in his deſcription of a comet in the year 1586. The y being very clear in 
the eaſt, juſt before ſun-riſe there appeared an upright column exactly ſitu- 
ated im @ vertical circle. Its breadth was every where equal to the ſun's 
diameter; aud it hooked as if ſome village was on fire beyond the mountains. 
For it appeared like a column of flame, excepting that its thickneſs was eve- 
ry where * Soon after in the fame column there aroſe an image of 
the ſun exattHy reſembling the true ſun. There was ſcarce one digit of this 
image under the horizon, when the true ſun began to riſe in the ſame column, 
which was followed in like manner by another image. The column with its 
three ſuns touching one another continued always upright or in à vertical 
circle, as appeared by the plummet of a quadrant. Theſe ſuns had all the 
ſame appearance except that the true ſun in the middle was brighter than 
the reſt. This appearance of the column paſſing through three ſuns laſted "| 

"EN m 


2.00 


Fig. 49 


XLV. 
Another me- - 
teor of the 
ſame ſort ex 


plained. 


mg ü. — 


3 — R 
* 22 \ 0 7 $7 5 ST: = 1 O ot v 
Nee n 9 * 
* —_ S - Ss 4 1 % 6 eee 4 4 tf — 4 * - - 


e 


a Fig. 504. 


b Art. 538. 


Taken from 
Gaſſenduss 
rks Tom. 


6. p. 401. 


Fig. 498. 


nad 


223 . OBSERVATIONS OF PARHELIA BOOK 2. 


. moſt a _ of an hour, till they were covered by a black cloud deſcending 


from above. | | 

The reflection of the ſun's rays from the horizontal cylinders was the 
cauſe of this appearance; unleſs upon account of the images of the ſun, 
it be more reaſonable to ſuppoſe there was a large quantity of upright cy- 
linders in the atmoſphere, whoſe extremities were bounded by flat ſtars, 
ſuch as Des Cartes has obſerved to fall down upon the ground-. For theſe. 
cylinders ſwinging ſeparate from one another (as I ſuppoſe) and being 
ſupported by a current of riſing vapours, ought to continue ſuſpended 
for the moſt part in that 2 poſture in which they were generated ;, 
not exactly perhaps, but ſo as to decline but a little from it. Theſe flat 
ſtars are therefore ſo many ſmall planes, from which the rays of the ſun 
are reflected in ſuch a manner, that the ſuperior part of the column with its 
parhelion, may be produced by reflection from the inferior baſes of the 
cylinders ; and the inferior part of the column with its parhelion from 
the ſuperior baſes. I obſerved that theſe cylinders might not be exactly up- 
right but might incline a little, perhaps a degree or two; for if their baſes 
were exactly plane and parallel to the horizon, they could not reflect any 
of the ſun's rays to the eye. 

Thereſt is wanting in the original. , 


AN APPENDIX. 


Containing the Obſervations quoted above, and a demonſtration 
of the Tables. | 


I. SckhEIxER's Obſervationof Corona's and Parhelia. A. D. 1630. 


572. HE diameter of the corona MAN next to the ſun was about 

1 45 degrees; and that of the remoter corona O RP was about 95˙. 
20; they were coloured like the primary rain- bow, but the red was next 
the ſun, and the other colours in the uſual order. The breadths of all the 
arches were equal to one another, and about a third part leſs than the dia- 
meter of the ſun, as repreſented in the ſcheme. Though I cannot ſay but 
the whitiſh circle OG parallel to the horizon, was rather broader than 
the reſt. The two parhelia M, N were lively enough; but the other two 


at O and P were not ſo briſk; M and N had a purple redneſs next the 


ſun; and were white in the oppoſite parts; O and P were all over white. 
They all differed in their durations. For P, which ſhone but ſeldom and 
but faintly, vaniſhed firſt of all, being covered by a collection of pretty 
thick clouds. The parhelion O continued conſtant for a great while though 
it was but faint. The two lateral parhelia M, N were ſeen conſtantly for 
three hours together: M was in a languiſhing ſtate and-dyed firſt, after 


ſeve- 
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ſeveral ſtruggles ; but N continued an hour after it atleaſt. Though I 
did not ſee the laſt end of it, yer I was ſure it was the only one that accom- 
panied the true ſun for a long time, having eſcaped thoſe clouds and va- 

urs which extinguiſhed the reſt. However it vaniſhed at laſt, upon the 

It of ſome ſmall ſhowers. This phznomenon was obſerved tolaſt 4 hours 

and a half atleaſt ; and ſince it appeared in perfection when I firſt ſaw 
it, I am perſwaded its whole duration might be above five hours. 

The parhelia , R were ſituated in a vertical plane paſſing through 
the eye at F and the ſun atG, in which vertical the arches CRH, ORP 
either croſſed or touched one another. Theſe parhelia were ſometimes 
brighter, ſometimes fainter than the reſt ; but were not ſo perfect in their 
ſhape and whitiſh colour. They varied their magnitudes and colours ac- 
cording to the different temperature of the ſun's light at G and the mat- 
ter that received it at and R; and therefore their light and colours were 
almoſt always fluctuating and continued as it were in a perpetual conflict. 
I took particular notice that they appeared almoſt the frft and the laft of 
all the parhelia excepting that at N. 

The altitude of Q above the horizon, in the morning at the be- 
ginning of the obſervation, was 49* 40'; that of R was 76* 10; that of 
the true ſun was 28* 30. Hence the height of 2 above the ſun was 21* 
10'; and the height of R above the ſun was 47* 40'. There was a north 
wind at the beginning of theſe obſervations, but by degrees it changed to 
the caſt and at laſt to the ſouth ; yet it brought no very great nor laſting 
rains. For near a fortnight after the ſky looked always vapouriſh; and 
every day before dinner the ſun endeavoured to create new ſuns, but in 
vain, either for want of matter or of a due diſpoſition. For in the vertical 
circle I ſaw pany ſome ſketches of parhelia for a long time. I ſaw alſo 
very manifeſt reciprocations of the lateral parhelia. The iris ORP ſeems 
is have been a portion of a ſingle circle concentrick to the ſun, but to- 
wards x and 9 it did not quite touch the horizon AB; and the lengths of 
the arches Ox, Pb were variable. The arches Z La, Ny, d& that imme- 
diately ſurrounded the ſun, ſeemed to the eye to compoſe a ſingle cir- 
cumference, but it was confuſed, and had unequal breadths; nor did it 
conſtantly continue like it ſelf, but was perpetually fluctuating. But in 
reality it conſiſted of the arches expreſſed in the ſcheme, as I accurately 
obſerved for that very purpoſe. The horns HRC ſeemed to be a portion of 
a ſmaller circle touching the greater O R in a contrary poſition in a com- 
mii knot at R. The arches Z Na, g y cut each other in a knot at Q and 
there they formed a parhelion. The parhelia N, Mſprung out from the com- 
mon interſections M, Nof the Iris qe C and of the whitiſh circle ONMP. 
The north part of the ſky was clearer than the ſouth, which being over- 
caſt with ſlender vapours afforded more matter for this appearance. 


II. 


Fig. 499. 


Fig. 501. 
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| II. He v ELIUS'S Obſervation of Paraſelenæ, ſeen at Dantzick A. D. 
1660. Mar. 30. Baa 0 


"x73. In the beginning at one a clock in the morning the moon A was 
ſurrounded by an entire whitiſh circle B; C DE; in which there were two 
mock- moons at Band D, one at each fide of the moon, conſiſting of various 

colours and ſhooting out very long and whitiſh beams by fits. That on 
the left hand extended its tail towards the thigh of Serpentarius, the other 
on the right extended its tail towards Jupiter, as repreſented in the figure. 
Afterwards, at two a clock, a larger circle ſurrounded the leſſer and reach- 


ed down to the horizon. The tops of both theſe circles were touched by 


coloured arches like inverted rain- bows. The inferior arch at C was a por- 
tion of a larger circle, and the ſuperior a portion of a leſſer. This extraor- 
dinary fight laſted near three hours; the outward great circle vaniſhed 
firſt of all, then the larger inverted arch at C, and preſently the leſſer; and 
laſt of all the inner circle BC DE diſappeared. The diameter of this in- 
ner circle and alſoof the ſuperior arch was 45 degrees; that of the exterior 
circle and inferior arch was go degrees. 


III. Hevetivs's Obſervation of Parbelia A. D. 1660. Apr. 6. 


574. At half an hour paſt 5 in the evening while the ſun was deſcend- 
ing towards the horizon, he was crowned with arches of circles of various 
-colours like the rain-bow. In the corona on oppoſite ſides of the ſun there 
were two parhelia variouſly coloured, with pretty long and whitiſh tails 
pointing from the ſun. Near the zenith, where the corona was a little 
faint and imperfect, there ſhone out anothet inverted arch, having a third 
parhelion in the middle of it, which appeared ſomewhat obſcure. This 
phenomenon laſted half an hour, till-fun-ſer, the ſky being very clear. 
The inverted arch and the upper parhelion diſappeared firſt ; and then 

the parhelion-on the left hand; but the third parhelion ſet with the true 


fun. Thediameter of the corona round about the ſun was about 45 degrees 
as I gueſſed by my eye. 


IV. Hz vRLIVs's Obſervation of Paraſelene ſeen at Dantzick A. D. 
| 1660. Decemb. 17. | | 


575. On the firſt day after the full moon at 30 minutes paſt 6 in the 
morning, the moon being 12 degrees high, I ſaw the moon in the weſt 
with 3 mock-moons about her, in this manner. The air being very clear 
at firſt I obſerved. the moon ſurrounded with a double corona, [near her 
body as the figure ſeems to repreſent, ]tinged with very bright and beauti- 
ful colours, On each ſide of the moon there was two arches of a large 1 

55 cle 
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cle about 46 degrees in diameter, which were alſo coloured like the rain- 
bow, and exended down to the horizon. In which were two mock- 
moons with very long white tails: That on the left hand was near Procyon 
with a ſhort tail; the other on the right hand had a longer tail. In the 
upper part where theſe collateral arches concurred, there was another arch 

in verted and variouſly coloured, with a third mock- moon in the middle of 
it, and ſomewhat duller than the other two. Moreover what was very extra- 

ordinary, there paſſed a large, white, rectangular croſs through the diſk. 


of the moon; whoſe lower part reached down to the horizon; but on each 
fide it did not quite touch the corona; as appears by the figure. It was 
ſo very bright and ſtrong that it ſhone diſtinctly and clearly till ſun-riſe.. 


But the mock-moons diſappeared a little before. 
V. An Obſervation taken from MaTTHEw Paris's Hiſtory. 


576. A wonderful ſight was ſeen in England A. D. 1233. Apr. 8. in the Fig. 502. 


ryth year of the reign of HEN RV III. and laſted from ſun-riſe till noon. 
At the ſame time on the 8th of April about one a clock, in the 
borders of ap dy vans and Worceſterſhire, beſides the true ſun there ap- 
peared in the ſky four mock-ſuns of a red colour; alſo a certain large cir- 
cle of the colour of cryſtal, about two foot broad, which encompaſſed: 


all England as it were. There went out ſemicircles from the fide of it,. 


in whoſe interſections the four mock-ſuns were ſituated; the true ſun. 
being in the eaſt and the air very clear. And becauſe this monſtrous pro- 
digy cannot be deſcribed by words I have repreſented it by a ſcheme, that 
ſhews immediately how the heavens were circled. The appe arancewas 
painted in this manner by many people, for the wonderful novelty of it. 


VI. A true delineation of a parhelion ſeen at. Leyden A. D. 1653. Jan. 14. 


between one and two a clock inthe afternoon; and obſerved in the Acade- 
demical Obſervatory by SAMUEL CHAR. KECHEL1US a Hollenſtein. 


7. BDC was a white circle almoſt 35 min. broad; the altitude of Fig. 503. 
its higheſt point D was 38* 23. Its center was in the ſun, whoſe height was 


15*48, that is at 36 minutes paſt one; his Azimuth being 23* 40 to- 
wards the weſt, and the angle made by his vertical circle and the ecliprick 


60 54'. The mock-ſuns B, C were oblong and unequal, at the diſtance of 


22* 35 on each ſide of the ſun, and had the ſame altitudes as the ſun. The 
weſtern parhelion at C was the fainter of the two and changed from yel- 


low to white and diſappeared firſt ; the eaſtern one at B was brighter, 
with a Jucid arch ſhooting from the ſun, and was coloured with purple, 
red and yellow; the ſhape of its tail B F was conical, 27 degrees long, the 


parhelion being the baſe of the cone; the part BE, 13* 10 long, conſiſt- 


cd of bright yellow and red light, the. other part EFbeing =" ; 
| vaniſhed. 


Fig. 505. 
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vaniſhed before the parhelion did. It appeared for half an hour and laſt- 
ed one quarter longer than C. And the corona diſappeared a little after. 


VII. HuGtnivs's Obſervation 13 May 1652. 


778. I obſerved a circle about the ſun in its center; its diameter was 
about 46 degrees; and irs breadth the ſame as that of the common rain- 
bow ; it had alſo the ſame colours, though very weak and ſcarce diſcern- 
able, but in a contrary order, the red being next the ſun; and the blue 
very dilute and whitiſh. All the ſpace within the circle was poſſeſſed by a 
duller vapour than the reſt of the air ; of ſuch a texture as to obſcure the 
ſky with a ſort of a continued cloud, but fo thin that the blue ſky-colour 
appeared through it. The wind blew very gently from the north. 


A DEMONSTRATION of the ConsTrRucTiION of the 
TABLES, and of ſome other Mathematical Propoſitions re- 
lating to the foregoing Diſſertation. 


PrRoPOSITION I. 


mw ray of the ſun reflected from any vertical plane makes the ſame 


angle with the horizon as the incident ray does; or, the ſun ſeen 
by reflect ion from any vertical plane appears of the ſame height as when ſeen 


direct by. 


Let EFand EG be an incident and reflected ray from the vertical plane 
LT; and let a plane MFE G N paſffing through the incident and reflect- 
ed rays, cut the reflecting plane LI at right angles in the line MN. 
From any point G in the reflected ray draw G N perpendicular to MN 


and 1 it through the plane LI till it meets the incident ray FE, 
pr 


uced through it in G. Laſtly let PG Ng repreſent an horizontal plane 
cutting the vertical line OE in P. Now fince the angles ME F and 
NEG or NEg, which are the complements of the angles of incidence 
and reflection, are equal; and fince the line GNg is perpendicular to 
and biſected by the horizontal line PN, the triangles NPG, Ng are alſo 
equal. Hence alſo the triangles PEG, P Eg being both right angled ar P, 
are alſo equal; and ſo the angles Pg E, PG E, that is the altitudes of the 
incident and reflected rays are alſo equal. Q. E. D. 

580. Corol. 1. Hence the 2 planes PEg, PEG paſling through 
the incident and reflected rays, are equally inclined to the reflecting plane 
> m inclination to it being meaſured by the equal angles N Pg, 
NPG. 

581. Corol. 2. And if the ſun be ſeen by rays ſucceflively reflected from 
the concave or convex ſides of any number of cylinders, whoſe axes are 


vertical, 
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vertical, he will appear of the ſame altitude, as if ſeen by direct rays. For 
if the plane L be conceived to touch the fide of the cylinder along the 
vertical line O EP, the reflection at E from the ſide of the cylinder will 
be juſt the ſame as from the tangent plane 

582, Corol. 3. Hence alſo if the ſun be ſeen by rays ſucceſſively reflect- 
ed from any number of vertical planes, he will appear of the fame height 
as if ſeen by direct rays, 


PRoPosSIT1oN II. 


83. Va ray of the ſun be refracted through a vertical plane in any poſi- 
N. 155 2 5 4. altitude of — incident — above pri oy Ser 2405 
tothe fine of the altitude of tbe refracted ray above the horizon, in the given 
ratio of the fine of incidence to the fine of refrattion. 

For let MN be the refracting vertical plane; E Fan incident and FG 
the refracted ray; EF being ſuppoſed on the foreſide and FG on the back- 
fide of the plane MN; and let a plane E1FGY pafling through the rays 
EF, FG, cut the plane MN at right angles in the line 72, This being 
the plane in which the refraction is made, take FE and FG of any equal 
lengths, and drawing E [and G2 1 to the plane MN, the an- 
gle LEF will be equal to the angle of incidence, and FG to the angle of 
refraction ; whoſe ſines are FI, Fg. Draw the vertical line DFC, and let 
two horizontal planes, paſſing through the horizontal lines TE, G 2, be re- 
preſented by the triangles DEI, CG and the angles FDI, F DE, 
and alſo FCA, FCG will be right angles; and therefore the triangles 
FDI, FC will be ſimilar. Therefore FT is to FN as FD to FC. That 
is, the ſine of incidence is to the fine of refraction, as the fine of the angle 
FED, the alticude of the incidentray, to the fine of FGC, the altitude 
of the refracted ray. For FE and FG were put equal, and FDE, FCG 
are vertical planes. Q. E. D. | 

584. Corol. Hence the apparent altitude of the ſun ſeen by refraction 
through any vertical plane, is always the ſame as it would be when the 
refracting plane is ſo fituated that the plane of incidence is alſo a vertical 
plane; in which caſe the fines of the altitudes of the incident and of the re- 
tracted ray, are the very fines of incidence and refraction. 


PRoPosITIoOoN MI. 


585. In any given altitude 4 the ſun, the fines of the angles, which the 
vertical planes drawn through the incident and the refracted ray, do mae 
with à vertical plane perpendicular to the refratting vertical plane, are 
in a given ratio; compounded of the ratio of the fines of the altitudes of the 
incident and of the refraBted ray directly and of their cofines inverſely. 


G g Things 
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Things remaining as they were, produce the incident ray EF along 
the plane of refraction FG till it cus G Qin L; and the line joining the 
paints IL, C is the horizontal fection of the vertical plane FCL paſſing 
through the incident ray E F; and CG is the horizontal ſection of the ver- 


tical plane FCG paſſing through the refracted ray FG; and laſtly GY is 


the horizontal ſection of a third vertical plane conceived to ſtand perpen- 
dicular to the refracting plane MN, Therefore the inclinations ot the two 
former planes to the latter, are meaſured by the angles CL CG, 
Now in the triangle CL G, the fine of the angle CL G or of CL, is to 
the fine of C G, as CG, to CL“, or as DFx CG to (DFXCL=)CF 
DE; becauſe D is to CFas DE to CL. Now the ratio of DF x CG 
to CF DE, is compounded of the ratio of DF, the fine of the angle 
DEF which meaſures the altitude of the incident ray, to CF, the fine of 
the angle CG F which meaſures the altitude of the refracted ray; and of 
the ratio of CG, the coſine of the latter angle, to DE, the coſine of the 
former. Q, E. D. 

586. Corol. Hence putting Ito R for the ratio of the ſines of incidence 
and refraction, the radius FE or FG r, the ſine of the ſun's altitude 


F Ds; we have the coſine DE = yr r—55,andthe fine of the altitude of 
the refracted ray FG, that is FC = 7 s* and its coſine C G rr n. 


Hence putting P to for the ratio of the ſines of the angles CL, CG, 


RR 
p 7 Vrr— 77 
by this propoſition we have 2 which will be of uſe 
| rr—s 


hereafter. To compute this ratio, when s is the fine of 25 degrees and I to 


Ras 250 to 187 (which is the ratio that Hugenius uſes in the conſtruction 
of his Tables) we have 


Log. fin. 25* or the Logarithmick fines - - - 9. 62594 
I - = - - e126 


793 R 
Hence Leg. - - - - - - - - - - - - 9.49984 


The Log. fine complementof this laſt ſine, is the log. VrH e 9.97713 
Log. fine compl. 25 is the log. rr - - - - - 9.95727 


RK 
rr | 
Hence — — — — — — — — — = — — 
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PRoPOSITION IV. 


587. If a ray of the ſun, EF, falling obliquely upon the vutſide of a pel- pig. cos. 
ud upright cylinder, AC, whoſe baſes are parallel to the radon a 
fracted into it at F, and be reflected within it at G, any number of times or 
no times at all, before it emerges out again by refractian at H; the ſun ſeen 
by any emergent ray whatever, as HK, will appear of the ſame altitude as if 
he was ſeen by direct rays. | | 

Through the points of incidence, reflection and refraction, F, G, H, 
draw the vertical lines PC, AQ, BD; and ſuppoſing vertical planes to 
touch the cylinder in every one of theſe lines, the refractions and reflec- 
tions at theſe planes will be juſt the ſame as if they were made at the cy- 
lindrical ſurface. Put Ito R for the ratio of refraction, and the ratio of 
the coſines of the angles PFE, CFG, (that is of the ſines of the altitudes 
of the incident and refracted rays) is the ſame as I to R*; and the ratio of Art. 583 
the coſine of CFG or A6 For 2G Hor GHB (which are all equal?) is 2 Art. 581. 
to the coſine of KHD as R to 1*; therefore by compounding theſe ra- Art. 583. 
tios the coſine of PFE is to the coſine of KHD in a ratio of equality, and 


conſequently the angles themſelves and their complements are equal. 
22D. 


ANOTHER DEMONSTRATION. 


588. Let 8 ABCD be a vertical ſection through the Fg. 508. 
axis of the cylinder and through an incident ray EF, and fince the refract- 

ed and reflected rays, FG, G H, HI, IK, &c. make equal angles with the 

parallel lines AB, CD; it is evident that the incident ray EF and the e- 

mergent ray G Lor HMor IN or KO, &c. will be all inclined to the ver- 

tical lines in the ſame angles. And all other rays which fall obliquely 

on the cylinder, will alſo, after refractions and reflections, be inclined 

to their vertical lines in the ſame angles b. Q. E. D. b Art. 581, 


PRO POSITION V. 


589. When the rays of the ſun are 75 refracted through the fides of an 
erett cylinder, as to touch the fide of a leſſer cylinder upon the ſame axis, it 

is propoſed to find the inclination of the vertical plane of incident rays, to 

the vertical plane of emergent rays, when the ſun has any given altitude 

and the ratio of the diameters of the cylinders is given. 

Let three vertical planes paſſing through the incident, refracted, and Fig. 508. 
emergent rays E F, FG, GH, be repreſented by the parallelograms DCK, 
DCBA, ABL, and let them cut the horizontal plane of the baſe of the 
cylinders in CK, CB, CL. From N the center of the baſe draw NO per- 
pendicular to the chord BC and join NC"; and having produced C, 1 


a Art. 553. 


d Art. 586. 


Fig- $07: 
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till they meet in R, the angle KRL or its ſupplement KRT will be the 
meaſure of the inclination of the planes DCK, AB IL. And ſince NC is 
the horizontal ſection of a vertical plane NCF perpendicular to the re- 
fracting ſurface at Cor F, or to a plane that touches the cylinder in the 
line CF; by art. 585 the fine of the angle NCR is to the ſine of the angle 
NCO, in a ratio compounded of the fines of the altitudes of the incident 
and of the refracted rays directly and of their coſines inverſely ; and con- 
ſequently is given by art. 586. But NO the ſme of the angle N CO is given 
from the given proportion of N Cto NO, that is of the ſemidiameters of the 
cylinders; therefore the angles NCO, NCR are both given, and alſo their 
difference B CR or CBR, which are equal; and the ſum of theſe angles 
equals the external angle K RJ. Q. E. F. 

590. For example, to ſhew the conſtruction of the Table in the xvii ſec- 
tion *; when the tun's altitude was 25* we computed the Log. of P to 
or of the given ratio of the fines of the angles NCR, NCO, and found it 
o. 14596 b. Now putting the ratio of the ſemidiameters of the cylinders, 
that is NC to NO as 1000 to 473, the angle VC O will be 28* 14, whoſe 
Log. fine is 9. 67492; to which adding o. 14596, the ſum is 9. 82088, 
which is the Log. fine of 41* 27 Sang. NCR. Hence the difference of 
theſe angles is 13* 13 ang. OCR, whoſe double 26˙ 26 ang. KRT, 
the diſtance of the lateral parhelion from the ſun. 

591. To find the greateſt quantity of the angle K RT, let us ſuppoſe the 
plane KCD to touch the cylinder, or the angle NCR to be a right one, 
whoſe logarithmick ſine is 10. 00000. Hence ſubſtracting o. 14596 the 
log. of the ratio of the fines of NCR, NCO, there remains g. 85404 for 
the logarithmick ſine of the angle NCO= 45* 36. Which being taken 
from NCR= go* gives RCO=44* 24, whoſe double 88* 48'= KRT, 
the greateſt diſtance of the lateral parhelion from the. fun when he is 25* 
high. In this caſe therefore NO: NC:.: 714: 1000. 


PrxoeosITion VI. | | 
592. When the rays of the ſun are refracted through the fide of an ere 


cylinder ſo as to touch the fide of an inner concentrick cylinder of a given 
diameter, and are aer at the ſurface of the outward cylinder any num- 
ber of times before they emerge out again by refraction; it is propoſed to find 
the inclination of the vertical plane of the incident rays to the vertical plane 
of the emergent rays. 

Caſe 1. Let EF, FG, GH, HK, be the courſe of the incident, refract- 
ed, reſlected and emergent rays, and let as many vertical planes paſſing 
through them cut the horizontal plane of the baſe in LC, C, 9D, DM 
reſpectively. Through N the center of the baſe produce N, and let it 
meet LC produced in R. Now from the given Kander NO of the 
inner cylinder, and the given ratio of the fines of the angles NCR, NCO, 

| | ; their 
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their difference OCR will be given, juſt as in the foregoing propeſition ; 
which being taken from NC9 or NC gives NRC, which is half the 
angle LRM. For ſuppoſing the ray to be reflected at G by a plane touch- 
ing the cylinder along GY, this tangent plane and conſequently the plane 
GN perpendicular to it, is equally inclined to the planes GC, 
GD cor, 1. prop. 1. that is; the angles NC, ND and conſequent- 
y NDS. NC2Y are all equal. Hence it follows, that the angle NDR 
is equal to NCR. For if the emergent ray be ſuppoſed to go backwards a- 
long K H, ſince by prop. 4. the altitudes of the incident and refracted 
rays at H are equal to-thofe at F, by propoſition 3 the ratio of the fines 


of the angles NDR, ND will alſo be the fame as that of the fines of 


NCR, NC, Therefore as the angle ND Lis equal ro NC, fo NDR. 
is equal to NCR and conſequently N.RD to NRC. Q. E. ]. 
593. Caſe 2. Now whatever number of reflections be made before the 
ray emerges again by refraction, ſince the chord C Q was proved equal to 
, for the ſame reaſons Q will equal the chord lying under the next 
reflected ray, and ſo on; and fince the fines of the angles NCR, NC. 


are in a given ratio“, they may be conſidered as the fines of incidence and * art. 585. 


refraction of an horizontal ray LC; and therefore the angle under theſe 

incident and emergent rays, or under the planes that ſtand ere& upon. 

them, will be given in all.caſes by art. 488. Q. E. J. 
PROPOSITION VII. 


594. The ſun ſhining upon an erect cylinder whoſe axis is vertical, to Fis-507-- 


find the greateſt angle which a vertical plane of emergent rays, after any 
given number of reflettions, makes with a vertical plane of the incident rays. 
Suppoſing the conſtruction and demonftration of the laſt propoſition, 
ſince the fines of the angles of incidence and refraction of the vertical planes 
of incident and refracted rays, that is of the angles NCR, NC are in a gi- 


ven ratio * when the altitude of the ſin is given; by fubſtituting 585. 


the terms of this ratio inſtead of the ratio of the ſines of incidence and 
refraction; this problem is ſolved by the ſame rules as were given for the 


rain-bow *. Thus putting m for the number of reflections increaſed by an - Aft. 492. 


unite, P to & for the ratio abovementioned, the ſine of the angle NCR 
will be . , and the fine of Vc. will be 3 


m m— 1 m m1 


For in Fig. 470 we had BCq: BFg:: RR RR: II- RR, and diſ- 


jointly BC: CFqg:: mmRR—RR:mmRR—-TT®, Whence CFqe Rus L ar- 


1 


—— 


ZE — Hence the angle required is given by art. 491. Q. E. F. 
595. Carol. When there is but one reflection, m 2; and therefore 


1. 


putting NC r, the. fine of NCR= "4 —.— = 75 Vrr Ser- 
which is an eaſier form for the following calculation. 


659. 
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596. To ſhew the conſtruction of the Table in the xxviii ſection. For ex- 
ample, when the ſun's height was 25* we found the Log. o. 14596 
: 2 
The Log. of 7, or of the whole ſine, is = = ,- = 10, 00000 
Whence Log. of © r is CCT 14596 
| 8 
Log. of the number 2 i: . 30103 
P * . 
Hence Log. Z AD ATER OH Ns Bo EIN 84493 


Art. 586. 


The ſine compl. of which log. or the log. of 232 7 is 9. 85398 


Et I CY En EPR IS = - 0. 06247 


V3 


The Log. of =y/rr = re VT 
The angle NCR anſwering to this ſine, is 55* 35 | 
Log. & was —z— 98.686 


Remains the log. of the fine of NCO < -. - - 9.77049 
The angle VCO anſwering to that fine, is 36* . Hence their difference 
CRS 199 28, which being taken from NC or NCO= 36* 7, gives 
2RC= 169 39, whoſe double LRM= 33* 18', the diſtance of either of 
the back parhelia from the vertical circle oppoſite to the ſun, when his al- 
titude is 25 degrees. | 

597. Hence it appears that if the ſemidiameter of the inward cylinder 
of ſnow, be greater than , of the ſemidiameter of the whole cylinder, 
it will hinder the appearance of the back parhelia, by topping the refract- 
ed rays when the ſun is 25* high ; becauſe in this caſe NO, the ſine of 
the angle NCO = 36* 07', is almoſt 522. of NC. 


CHAPTER XII. 


To determine the apparent ſhapes, poſitions, magnitudes and di- 
ances of large objects, ſeen by rays that fall upon reflecting 
or refracting ſurfaces, not only perpendicularly or almoſt 
perpendicularly, but with any degrees of obliquity. 

PROPYOSITION I. 

598. Turn a large picture or a plane object of any given ſhape, 
— ands perpendicularly to the common axis of any number 

of refratting or refletting ſurfaces, its apparent ſhape, fifuation, magni- 

Fude and diſtance from the eye, at any point of the axis, may be found as 

follows. 4 

t 
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Let GABP be the axis of the reflecting or refracting ſurfaces AR Fig. 510,511: 


BS; O the place of the eye; ORSY any reflected or refracted ray; P 
a line perpendicular to the axis; x the interſection of a line Q, drawn 
arallel to the axis, and of the viſual ray OR produced; IIx a curve 
fine deſcribed by the interſection x while the viſual angle AOR is dimi- 
niſhed to nothing. Now while the whole figure is turned about the axis 
. OPTNn, the curve [1z will deſcribe a curve ſurface and PQ a circular 
plane. Let any part abc d of this plane be the given object or picture; 
and while an indefinite line is carried round the out-lines of the picture 
abcd, and is kept parallel to the axis PII, it will trace the out-lines of 
a correſponding picture upon the curve ſurface at IIx. I ſay the plane 
picture a cd will appear by the reflected or refracted rays, in the ſame 
ſhape, ſituation, magnitude and diſtance, with which the curve picture 
at IIx would appear to the naked eye at O; ſuppoſing the eye to be in- 
verted and turned about when the curve IIx falls behind ir *, as in fig. 
14. 
: For imagine a phyſical circle deſcribed by the revolution of any point 
about the axis O P, to be removed into the place of the equal circle 
deſcribed by the revolution of the correſponding pointx ; and if the ſur- 
faces AR, BS were taken away, its apparent ſhape, ſituation, magnitude 
and diſtance would be the ſame as before“. For ſince the viſual rays as 
RO, x O are always in one continued line, the ſhape, ſituation and mag- 
nitude of the picture upon the retina would be the ſame as before. And 
of conſequence all the phyſical circles that compoſe the plane at PQ, 
when thus removed till they touch the curve ſurface at IIx, would ſe- 
verally and jointly appear to the naked eye at O, in the ſame ſhape, ſi- 
tuation, magnitude and diſtance as they did before. What has been ſaid 
of the whole circles, is alſo true of any given parts of them that com- 
poſe any part abcd of the circular plane at P; namely, that their 
ſeveral arches, which compoſe the plane figure abcd, when ſeverally 
removed, by a motion parallel to the axis P, till they touch the curve 
ſurface IIx, will there compoſe a correſponding part of it, which would 
appear to the naked eye at O in the ſame ſhape, ſituation magnitude and 
diſtance, with which the plane a5cd appeared by the reflected or re- 
fracted rays. Q. E. D. 

599. Corol. 1. Hence if the plane ſurface at P and the curve ſur- 
face at IIx, be both cut by any plane paſſing through the axis PII or 
parallel to it, the ſtraight ſection of the former will appear in the ſame 
ſhape, ſituation, magnitude and diſtance, with which the curve ſection 
of the latter would appear to the naked eye remaining at 0. 

600. Corol. 2. Whenever the interſection x deſcribes a ſtraight line 
perpendicular to the axis ON, the object at PQ will then appear in its 
proper ſhape ; that is, in the ſame ſhape, ſituation, magnitude 5 di- 

ance 


® Art. 139. 


* Art. 139. 
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ftance with which it would appear to the naked eye viewing it upon. a 
perpendicular plane at the diſtance ON. . 


LE MMA JI. 


60 1. Let there be any number of indeterminate finite lines x, y, 2, 
whoſe fluxions bear any finite ratio's to one another, and let another line 


= - ; 1 ſay the fluxton of v will alſo bear a finite ratio to the fluxion of 
x or y or 2. 


* 


For by the known rule for finding fluxions we have v 2 _, — 


— — — — — 
2 2 2 
whoſe ſeveral parts bear finite ratio's to one another, as being com- 


pounded of none but finite ratio's.; and conſequently the ratio of the 
whole value of v to any one part of it, is alſo finite; and therefore the 
ratio of dᷣ to x or y to.Z is alſo finite. Qa E. D. 

L EMMA II. 

602. If all the refracting or þ.gppir curves AR, BS cut their axis 
ABI at right angles, the curve [1x will alſo cut it at right angles. 

For let Ka, Sp, x be perpendiculars to the axis, and let the rays 
RS, S Abe produced till they eut it in ę and q. Then ſince the triangles 
OaR, Ox are ſimilar, and alſo a ꝙ R, g S, and likewiſe 87, PyYg; 
we have Oa: OT::aR: wx or P, that is, in a ratio compounded 
of aR to BS, BS to P, that is, of aq to g, By to PV. Hence 
Oy Od XK = * 25 Now when the angle 40 R is diminiſhed to no- 
thing, the interſections @, y will move to the focus s /, g and coincide 
with them; and O will become OII = OA x 55 Therefore when. 
the abſciſs Il is vaniſhing, the vaniſhing increments or decrements of 


the finite lines Oa, & , Be, By, Py are theſe reſpectively, a4, aA — 


of, BB e, EB= yg, yg. But the aberration pf is as aA, andyg 
as BB *, and conſequently all theſe vaniſhing increments or decrements 
bear finite ratio's to one another. Therefore ar (1 the vanifhing incre- 
ment or decrement of O#, bears a finite ratio to aA, by the firſt Lemma, 
becauſe the vaniſhing increments of quantities are as their fluxions. But 
the ultimate ratio of aA to R is a ratio of minority infinitely great, be- 
cauſe the curve AR, is ſuppoſed to cut its axis at right angles, and the 
ratio of a R to , being the ſame as.Oa.to O w, is finite. Conſequently 
the ultimate ratio of wil to x, being compounded of II to, aA, aA 
toaR,aRtowx, is a ratio of minority infinitely, great, and therefore 
the curve [1x cuts the axis of the other curves at right angles, which is 
alſo its own axis, becauſe the curves AR, BS. are ſuppoſed to be ſimilar 
and equal on each fide of it. | | 


603. 


1 


Dm WD” Fx 


* 
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603. Corol. 1. Hence it follows that the curve 1x cannot form an an- 
gle o contact with its axis at II. 


604. Corol. 2. The focus's /, g being given, the vertex II of the curve 


Nx is found by taking ON = 2 4 


605. Corol. 3. Though the curves AB, BS were ſuch as could reflect 


or refract all the rays of a large pencil ſo accurately as to belong to the 


focus's /, g, yet by reaſon of the increments aA, g B the line Om would be 
variable, and conſequently the interſection x would ſtill deſcribe a curve. 

606. Corol. 4. Though the refracting curves were changed into 
their tangents, yet the interſection x would ſtill deſcribe a curve, b 
reaſon of the aberrations fo, gy by theſe refractions “. 

607. Corol. 5. But if the reflecting curves were changed into their 
tangents, the interſection x would deſcribe a ſtraight line perpendicular 
to the axis at II; there being no aberrations by theſe reflections. 

608. Corel. 6. Therefore an object at PQ appears exactly in its pro- 
per ſhape by reflections from plane ſurfaces “. 


PRoPoSITI1oON II. 
609. The reflecting or refr ating curves, and their intervals from each 


ether and from the eye and object, being given; it is propoſed to find whe- 
ther the object will appear convex or concave towards the eye. 

Things remaining as they were, let Ar, Bs be tangents to the curves 
AR, BS; and let one of the remoteſt rays OR cut the firſt tangent in 
7; join fr cutting the next tangent in 5; join alſo gs cutting the object 
in L; and laſtly draw the reflected or refracted rays RS, $9, either by 
an accurate conſtruftion®, if needful, or only by obſerving which way 
their aberrations fp, gy tend from the ſucceſſive focus's /, g; which will 


always be evident by the ſhapes of cauſticks deſcribed in Art. 69 &c. or 
452 and 478 &c. 


610. Caf. 1. Then if it be evident from the poſition of the ray $2, 


and of the line 5 L, that P is longer than PL, and will continue ſo till 
the viſual angle AOR is reduced to nothing; the object P will ap- 

ar convex towards the eye: and on the contrary, if P be always 
eſs than PL, the object will appear concave;.and in both caſes more 
or leſs curved, ceteris paribus, as the ratio between P and PL is 
greater or leſs. 

For let the lines Q x, LN, drawn parallel to the axis, cut the ray OR, 
(produced) in x and A; and let All be perpendicular to the axis; and in 
like manner as the value of O was found by ſimilar triangles, in Lem- 


ma 2, we ſhall find ON O . Which being invariable, ſhews 


that while the angle IO is decreaſing to nothing, the interſection a 
deſcribes a fixt perpendicular EN ſame point [1 is alſo the vertex 


of 


Art. 647. 


Art. 608. 


Fig. 513. to 
315· 


* Art. 469. 


Nig. 514. 


Fig 51 to 
515. 


* Art. 600. 
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of the curve defcribed by the other interſection x ®, and conſequently 
xis a tangent to it by Lemma 2. Therefore if PQ be always longer 
than PL, and conſequently Ox always longer than Ox, the curve Nx 
mutt be convex towards the eye *. And on the contrary, if P be al- 
ways ſhorter than PL, and conſequently Ox always ſhorter than O\, the 
curve [1x muſt be concave towards the eye. 

611. Caf. 2. Let S Land 5 L (produced) interſect one another in d. 
and if the object be placed near their interſection, the curve deſcribed 
by d, while the angle AOR is diminifhing, may croſs the object; and 
then the curve deſcribed by x will alſo croſs its tangent [1 and form 
contrary flexures as repreſented ſeparately in Fig. 516. For when 4 
touches the object the intervals L, xx will be reduced to nothing, and 
will become negative, lying on the other ſides of Land A, after d has paſ- 
fed by the object. Bur by reaſon of the quick decreaſe of the angle Ld 
or gd y, the negative intervals L, xx will be become ſo ſmall that the 
contrary flexure of the curve [1x may ſcarce be perceptible by the eye. 
And if ſo, the object muſt appear convex or concave towards the eye 
according as the greateſt P cut off by the remoteſt ray SQ, is longer 
or ſhorter than the greateſt PL, as in the foregoing caſe. 

612. Caſ. 3. Conſequently if the object touches the interſection d 
when remoteſt from the axis, it may be reckoned to appear ſtraight in. 
that ſituation or ſomewhere very near it: which is farther evident, becauſe 
the object being carried for a conſiderable ſpace from one fide of d to the 
other, muſt change its apparent figure from concave to convex, or on the 
contrary by caſe 1. 

613. Caf. 4. If the object is ſo placed that the points y, g are on con- 
trary ſides of the point P, the points Q L muſt alſo be on contrary ſides 
of it. But by diminiſhing the angle 40 R, the point y in approaching to- 
wards g will paſs by the point P, and then the points Q, L will be 
both on the ſame ſide of the axis; and ſo the rule in caſe 1 will ſoon 
take place. But the object will appear in a manner double, as might eaſi- 
ly be explained, and ſo confuſed that its apparent ſhape will ſcarce be 
iſcernible even through a pin-hole. 

Therefore the rule in the firſt of theſe caſes is generally ſufficient for 
determining the apparent convexity or concavity of an object, eſpecially 
when it appears moſt evidently ſo. Q., E. D. | 

614. Corol. Hence if we imagine a fictitious kind of rays as Or.. L to 
flow from the eye, and to be all reflected or refracted at the tangents 
Ar, Bs ſo accurately as to belong to the ſucceſſive focus's f, g; the ob- 
ject PY feen by ſuch rays returning back in the ſame lines Lsr O, would 
always appear accurately in its proper ſhape at the tangent iA *. The 
deformed appearances of objects are therefore cauſed both by the de- 
flections of the curves AR, BS from their tangents and. by the aberra- 
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tions of the rays. Upon both theſe accounts the minuter parts of large ob- 
jects lying in order from the axis, become unequally or rather improper- 
ly magnified or diminiſhed, and therefore appear at improper diſtances 
Gem the eye“ and from each other; and thus the plane of the object is At. 138. 
changed into.a curve ſur face. For while the viſual angle AO or AOR "Oy 
decreaſes uniformly, the equal lines PL, I decreaſe uniformly very, 
nearly, or rather properly as they ſhould do in viſion with the naked eye, 
but P2.does not; therefore improper decrements of PY appear under 
equal angles, and conſequently are improperly magnified or diminiſhed. 
PRoPOsSITION III. 
615. Let the plane of this ſcheme repreſent a plane paſſing through the Fis- $17- 
oye <6. and the _ of — ſphere AB C 6 — let ithe pro- 
duced till it cuts the ſun's dis in any line Pp; and out of an infinite num- 
ber of rays ſuppoſed to flow in this plane from the eye at O, upon the great. 
circle ABCD, let two of them, as OBCFP, ObcFp, fall upon the ex- 
tremities of the chord Pp after refractions at the arches Bb, Cc, and after: 
having croſſed eachother in tbe focus F; then from the center 8 let 8k Ke 
perpendiculars to the incident rays Ob, OB produced, and SIL perpendicu- 
lars to the emergent rays; and while the quantity of the refrattions at Bb, 
Cc, is varied by any lateral motion of the ſun, eye or ſphere, in that plane of 
refraction, the apparent magnitude of the given chord Pp will vary directly 
as FL and inverſely as OK. very nearly, if the diameter of the ſphere be. | 
very ſmall in compariſon to its diſtances from the eye and ſun. 
or then the angle LFI or P Ep being but little. more than half a de- | 
gree at moſt, the angle KO# will alfo be but ſmall, and conſequently their b 
perpendicular ſubtenſes K, LI will be very nearly equal. For drawing 
SMm perpendiculars to the rays BC, bc within the ſphere; we have Mm ; 
to K and alſo to Li; in the given ratio of the fines SM, SK or SL that | 
determine the refractions*, Therefore Kkequals El and the angle KOk is to * Art. 474. 
the angle L F/as FL to OR. Bur ſince the chord Pp is given, the angle Art. 203. 
P Fp or L Fl is very nearly invariable, by reaſon of the immenſe diſtance 
and ſpherical figure of the ſun; and conſequently the apparent magnitude hy ; 
of Pp, meaſured by the angle K O, is as FL directly and OK inverſely | 
very nearly. Q. E. D. | 
PrRoPos1T1OoN IV. | F 
616. Things remaining as they were, let the ray CP cut the axis O8 in E, rig. 5:8: 
and be produced till it meets the ray OB produced in I; and let the conical 
furface deſcribed by the ray CE P, turned about the axis OS into the poſition 
y Eq, cut the disk of the ſun in thearchPq; and while the refractions of the 


= — 


n 


viſual rays PC BO, q O, that he in this conical ſurface, are varied by 
any motion of car? up the eye or the ſphere, the apparent magnitude of the gi- 
ven arch Pq will vary directly as IE and inverſely as IO very nearly. 7 

| H'h 2. | "OC 


P 


Tig 57,318. 


Fig. 519. 


® Art. 91. 
® Art. 615. 


| Dig. 517,513. 
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For let the point Ideſcribe the arch Ii by the revolution aforeſaid ; and 
ſince it is a common ſubtenſe of the angles TOs, T Ez; the angle 107 is to 
IEi or PEgas IE to IO. But when the arch Pgis given, the angle PE is 
very nearly invariable, by reaſon of the great diſtances of the ſun and eye 
from the ſphere, and conſequently the apparent magnitude of Pg, meaſur- 
ed by the angle IOi, is as IE directly and 1O inverſely very nearly. Q. E. D. 

ROPOSITION V. 

617. Things remaining as they were, let the refractions of the viſual 
rays be varied by any motion of the ſun, the eye or the ſphere ; and the appa- 
rent magnitude of the ſun's disk will vary directly as the rectangle under FL, 
EI, and inverſely as the reftangle under O K, OI very nearly. 

For let innumerable planes of incidence and refraction cut the ſun's 
diſk in the lines Pp, Pp, &c. all converging to a point Rin the axis OS 
produced; and let the ſame planes cut the picture of his diſk upon the re- 
tina in as many correſponding lines II, II, &c. all converging to the 
point p in the ſaid axis produced backwards. Again let innumerable coni- 
cal ſurfaces, conceived to be deſcribed by the revolution of innumerable 
viſual rays about the axis Os, cut the diſk in the arches Pg, Pq, &c. and 
its picture upon the retina in as many correſponding arches IIx, I1x, &c. 
Then ſince every one of the lines Ne, in the whole picture, is as the a 
parent magnitude of the correſponding lines Pp*, in the whole diſk, that 
is as = ; the magnitude of the picture would alſo be ws „if the ar- 


OK 
ches [1x were invariable. And in like manner ſince every one of the arch- 


es [1x in the ſame picture, is as the apparent magnitude of the correſ- 
ponding arches Pg in the diſk, that is as = *, the magnitude of the pic- 


ture would alſo be as 25 if the lines IIe were invariable. Therefore when 
the lines Ile and the arches Ix both vary, it is eaſy to underſtand that the 
magnitude of the ſun's picture upon the retina, is as 97 * 75 that is, as 


the rectangle under FL, IE directly, and as the rectangle under OK, 10 
inverſely very nearly. Q. E. D. 

618. Corol, 1. Let the refracting ſphere be moved ſideways from the 
rays that come directly from the ſun to the eye, ſo as to deſcribe a circle 
about the eye in any one plane of incidence and refraction; and if the dia- 
meter of the ſphere be but ſmall in compariſon to its diſtances from the eye 
and the ſun, the apparent magnitude of the given chord or diameter Pp will 
decreaſe perpetually, and very nearly as FL does, till it vaniſhes when the 
viſual rays are tangents to the ſphere. For when the viſual ray OB touches 
the ſphere, the line OK becomes equal to OB, and is then the leaſt of all, 
and yet will differ but very little from its greateſt magnitude OS. Therefore 
OX may be reckoned invariable, and conſequently the apparent magni- 


tude 
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rude of Pp is as FL; which decreaſes perpetually and very faſt till it be“ Art. 605. 
reduced to nothing *. | a Art. 439% 
619. Corol. 2. Upon the ſame ſuppoſitions, the apparent magnitude 
of any given arch Pq upon the ſun's diſk, and conſequently of the chord 
or diameter which joins its extremities, will decreaſe perpetually, and ve- 
ry nearly as TE does. For when the angle which = refracting ſphere b Art. 616. 
ſubtends at the eye is but ſmall, IE decreaſes perpetually during the mo- 
tion above mentioned e. | e Art. 514. 
620. Coral. 3. Hence upon the ſame ſuppoſitions as before, the appa- 
rent magnitude of the ſun's diſk will decreaſe perpetually and very nearly 
as the rectangle under FL, IE. And its apparent ſhape will grow more 
and more oval while the ſphere is moved Adeways more and more; its 
diameter Pp, in the plane of incidence and refraction, appearing ſhorter than 
the diameter perpendicular to it. Becauſe FL decreaſes faſter than IE; 
being always contained within it, except when they are both fituated in 
the axis OS, and then they are equal to one another. 
621. Corol. 4. Leto be the conjugate focus to O, and the area of the o- 
val picture of the ſun upon the retina, will be to its circular area when 
the ſphere is exactly between the eye and the ſun, as FL x IE to $9*, For 
when the ſphere is exactly between the eye and ſun, FL and TEbecome e- 
qual to each other and to So. 
622. Corol. 5. In the ray PCBGO let G be the focus of the rays that 
flow from P in any one plane of incidence and emergence; and ¶ the fo- 
cus of the rays that flow from P in the conical 7 — deſcribed by the 
ſame ray PCB HO turned about the line PS H, the point Hbeing the ver- 
tex of the cones; and the denſity of all the rays flowing from P, where 
they fall upon the cornea of the eye at O, will be as G K x H directly, and 
as GO x OHinverſelty*; and conſequently as G K HI, when the ſphere d An. 52 
is ſo remote as to ſubtend but a ſmall angle at the eye. | 
623. Corol. 6. Hence when a remote ſphere ſubtendsbuta ſmall angle at the 
eye, the ſun's apparent brightneſs, ſeen through any part of it, is invaria- 
ble. For the apparent brightneſs of any object is as the denſity of the rays 


in any one pencil directly, and as its apparent magnitude inverſely; that 
is as Ff . But ſince the rays that come from O and P. fall paral- * Art gs 


lel or nearly parallel upon the circle AB C D, the lines G Kand FL are near- IM 
| Pl equal; and ſo are Hand IE. For the line SI biſects the angle E TH, and 
ince S E is ſuppoſed to be nearly parallel to IE, and S H to IE, the angle 
EIS equals JIS H, and HIS equals ISE; and conſequently the triangles 
EIS, HIS are ER and equal to one another very nearly. 
624. Corol. 7. Hence when the centers of innumerable refracting ſpheres 


are placed at equal intervals from one another in a large ſpherical ſurface 
whoſe center is the eye at O; this ſurface will appear illuminated by in- 
, . numerable 
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numerable images of the ſun, all of the ſame brightneſs ; but leſs and leſs 


a Art. 625. 


* Art. 620. 
b Art. 616. 
602. 


Fig. 520. 


in magnitude as they lye remoter from the ſun. And conſequently if the 
magnitude of the ſpheres be diminiſhed and their number be increaſed to 
infinity, the light of that ſpherical ſurface will appear uninterrupted, and 
ſtrongeſt next the ſun, and weaker perperually in the parts that lye remo- 
ter from him; which agrees with our former demonſtration in the 525th 
article. | þ 

625. Corol. 8. What has been demonſtrated of the ſun is applicable to 
the moon, or to any round body, ſo ſmall or ſo remote from the ſphere 
as to ſubtend but a ſmall angle at any point of it; and is alſo agreeable to 
experience in viewing a lighted candle through a round bellyed jugg or 
decanter full of water, while it is moved fideways from the rays that 
come directly to the eye. 

626. Corol. 9. While the apparent magnitude of the candle decreaſes, 
its apparent diſtance will be found to increaſe, and on the contrary; and 
ſo its ſucceſſive apparent places will appear to deſcribe a curve; which in 
the caſe ne 2 jis convex towards the eye. And the apparent 
diſtance of the candle will vary reciprocally in a ſubduplicate ratio of the 
apparent magnitude of its ſurface, that is, reciprocally as a middle pro- 
portional between FL and TE*; or rather reciprocally as IE, that is 
reciprocally as the apparent height of the candle b; becauſe its apparent 
breadth appears oblique to the viſual rays, by reaſon of the curvity of its 
ſucceſſive apparent tel | | 3 

627. Corol. 10. For this reaſon any large plane ſurface, like a ſaſh-win- 
dow, viewed through a ſphere will not appear plane but convex towards 
the eye. And befides this convexity towards the eye, the top and bottom 
and ſides, and alſo the wooden bars that contain the glaſs, will appear con- 
cave towards the middle of the' window, 'where a line drawn from 


the eye through the center of the ſphere would fall upon it. So that the 


whole appearance will be like the meridiansupon a globe to the naked eye. 
For ſince the interior ſquares of glaſs are more magnified than che exte- 
rior ones, the intervals between the bars will be gradually diminiſhed in 
going outwards from the middle; which agrees with the manner of deſcrib- 
ing theſe appearances by the laſt propoſition. 


PrRoPosITIoN VI. 
628. Any line Pp either ſtraigbt or crooked, which is ſeen from O by rays 
reflected from a ſtraight line B . drawn upon a plane ſurface ABCcbA, 


. or upon the fide of a cone or a cylinder, will appear in its proper ſhape ; and 


the apparent diſtance of any point of it from the eye, will be equalto the whole 
courſe of the viſual ray. Ep ns 


For let the reflecting plane ABCcbA be generated by the motion 
of the line ABC about the axis OAo perpendicular to it. And let - 14 
OY perficia 
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perficial pencil of rays O Bb be ſuppoſed to flow from the eye at O, and 
after reflection from the ſtraight line Bb let them fall upon the ſurface of 
an object in the line Pp, either ſtraight or crooked. From every point of 
the object Pp draw the lines PN, p parallel to OAtill they meet the viſual 
rays produced in Il, ; and the apparent object II e compoſed of all their in- 
terſections will be ſimilar and equal to Pp. For taking Ao equal to AO, all the 


reflected rays will low from o, and ſince all the triangles O Bo, Obo, are Art. 202. 


equicrural, all the triangles P BN, P6 x, being ſimilar to the former, will 
alſo be equicrural. Therefore the compound line O B-+ B P equak O BIk 
equals BP, and likewiſe Ob ar _ 805 55 and conſequently the plane 
figure Ole, conſiſting of all the former lines, will be ſimilar and equal to 
the figure o Pp conſiſting of all the latter. Therefore the Line Il is ſimilar 
and equal to Pp; and conſequently is ſeen. by reflection in the ſame place 


and ſhape as Il would appear in, to the naked eye?, a Art. 139. 
The ſurface of a cone is generated by the revolution of one fide of an pig. 520. 


angle about its other ſide, and the ſurface of a cylinder by the revolution: 
of one fide of a parallelogram about its oppoſite fide. Conſequently ſup- 

poſing the reflecting line Bi to be laid upon either of theſe revolving lines, 
ſo as to coincide with it, the reflecting plane BAò may be conceived to 

touch the conical or cylindrical ſurface in the line B&; and the reflections 

from Bb being the ſame whether they be made from the curve ſurfaces 
or from the tangent plane, it follows that the line Pp will appear ſtraight, 
or in itsproper ſhape, by reflection from the cone or cylinder, as well as from 
the tangent plane. Q, E. D. 


629. Coral. 1. Hence one my determine the apparent magnitudes ,. 
diſtances and ſhapes of a ſeries of given objects ſeen by reflection from a 


cylinder, in this manner. Let the circle AB CD, whoſe center is E, be the pig. 521. 


baſe of an upright cylinder, or rather a circular ſection of it, parallel to its 
baſe and paſſing through the eye at O; and let this plane be extended and 
cut a row of trees, for example, in P, R, 7, X, &c. Join OE and let 
o/ be a cauſtick by reflection of innumerable rays ſuppoſed to flow 
from O; and let the lines Pa, Rg, Ty, Xd, &c. be ſo drawn as to touch 
the cauſtick in a, g, Y, d, &c. and let them cut the reflecting circle in A, 
B, C, D, &c, join OA, OB, OC, OD, &c. and in each of them produced, 
take Au = AP, Bo BR, CT CJ, Dp=DX, &c. Then ſuppoſing 
the trees P, RS, TY, XY, &c. to be removed and planted upright at 
T'x, po, TV, OX, &c. they would appear to the naked eye at O, if the 
cylinder was removed, of the ſame. magnitudes, at the ſame diſtances and 
in the ſame ſhapes, as they appeared in by reflection from the cylinder 
when they ſtood in their proper places. And if regular curves be drawn 
through the points , p, r, p, &c. and through x, o, u, x, the crooked ſurface 
that lyes between theſe curves, will be the apparent place and ſhape of the 
ſurface PQ XY. But the readieſt practical way is firſt to draw any ray O Band 
then its reflection BR, cutting PX in any point R, and to take Bg =BR&c. 


„ 
* - 
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| 630. Corel. 2. In like manner if another row of trees be parallel to the 

: former, either on the ſame fide of the cylinder or on the oppoſite one; the 

= . ſpace that lyes between the repreſentations of the baſes of both rows, will 

q be the apparent figure of the walk between the rows. Thus we have de- 
termined the repreſentations of any planes either perpendicular or parallel 

{ to the baſe of the cylinder. Conſequently the repreſentation of any ob- 

i Ne lique plane, as of one fide of a roof of a houſe or the like, may be found 
| | by determining the repreſentations of the top and bottom of it. 

| The manner of drawing deformed pictures, which ſhall appear regular 

| in a Cylinder placed upon the plane of the draught, is partly the reverſe of 

the foregoing method. In order to deſcribe it more diſtinctly I premiſe. 

[ the following lemma s. 177, od le 0 gon) 

| | LE M NM A I. 

| Fig. 522. 631. A rectangular parallelogram AB CD being divided into any num- 

| ber of little parallelograms, and being placed upright upon a plane ABR, 

| (the line AB in one figure being placed upon AB in the other), it is pro- 

poſed to deſcribe its ſhadow A Bcd, caſt TY that plane by rays flowing 

| from a given point O, placed at a given height RO above the plane of 

the ſhadow. | | 


From the point R which lyes directly under the luminous point O, 
through the extremities and the diviſions of the baſe AB, draw the lines 
RAA, R Bc, &c. Then placing the line AD, equal to the height of thegiven 
parallelogram, and alſo R Tequal to the heightof the luminous point, upon 
1 the plane of the ſhadow, at right angles to RA; from I through the ex- 
'f tremities and diviſions of AD, draw IDd, IE, I Mm, &c. cutting the 
| line RA produced in 4, f, n, &c. And through theſe points d, f, m, &c. 

draw the lines dc, fe, ml, &c. parallel to AB; and the trapezium ABcd 
ſo divided into leſſer trapeziums, will be the ſhadow of the parallelogram 
ABCD and of its diviſions. | 

For conceiving the plane of the triangle IRd with all its lines, to be 
turned about the line RAd, till it ſtands at right angles to the plane RAB, 
the point Twill then coincide with the luminous point inthe air, and thedivi- 
ſions of the line Ad will be the ſhadows of the diviſions of the fide AD of the 
given parallelogram. And for the like reaſon the lines extended from R 
are the ſhadows of all the lines in the parallelogram which are perpendi- 
cular to AB; and the ſhadow fe of any line FE, parallel to AB, being 
the common interſe ction of two planes paſſing through the parallels AB, 
FE, is alſo parallel to AB. Q, E. D. 

632. Corol. 1. If the given rectangle AB C be contracted to a ſquare 
ABEF, divided into any number of leſſer ſquares, its ſhadow may be 
= found more expeditiouſly; by drawing RO parallel to AB and equal to 
the height of O, and then by drawing O Bf, cutting the ſhadows of the 


. perpen- 


— p 
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rpendicular lines in the points 7, g, B, i, through which the parallel 
| ou muſt paſs. For ſince AF equals AB, the point / is the fame in 
both conſtructions; becauſe Rf is to Af as RI to AFor as RO to AB. 
And fince B Fis a diagonal of all the little ſquares, its ſhadow B/, muſt 
be a diagonal of all their ſhadows. | | 

633. Corol. 2. This conſtruction is alſo applicable to a parallelogram, 
provided it be divided into little ſquares; by placing its fide AD along 
the baſe AB, produced if need be, and by drawing OD cutting RA and 
RB produced in d and J. For dl is the ſhadow of the diagonal DL of the 
ſquare DCLM, cut off from the parallelogram A BCD. 
634. Corol. 3. Hence it follows that the ſhadow of the center of any 


ſquare, may be found by drawing the diagonals of the correſponding 


trapezium. 

IX Corol. 4. If the length of the ſhadow dA and the point R be gi- 
ven or aſſumed, the luminous point O may be found by drawing d D which 
will cut off the perpendicular RO required. 

636. Corol. 5. Hence we may underſtand the method of drawing a co- 
py of a picture, which ſhall appear deformed when viewed directly, and 
et ſhall appear in juſt proportion when viewed from a certain point. For 
Lbs deſcribed a parallelogram or a ſquare about the original .picture, 
and having divided it into any number of leſſer ſquares, the more the bet- 
ter, and laſtly having divided another ſquare ABE F of any ſize into the 
ame number of leſſer ſquares; firſt project its ſhadow ABef, and then 
transfer the parts and lineaments and colouring in every little ſquare of the 
original picture, into the correſponding trapeziums of the ſhadow ABef. 
For to the eye of a ſpectator placed in the luminous point O, the deform- 
ed picture will appear reformed into the true proportions of the original; 
becauſe the ſhape of the image of the whole picture and of all its parts 
upon the retina, is the ſame as if the rays had come to the eye originally 
from a regular picture drawn in miniature upon a ſquare placed upright 
upon its baſe AB. And if the ſhades and colourings in the deformarion be 
the ſamealſo as in the original picture, the ſpectator will judge it to be regu- 
lar rather thandeformed ; by being more accuſtomed to view regular pic- 
tures in an upright poſition than deformed ones in an oblique poſition. 


LEMMA IL. 


637. When a ray OB falls obliquely at B upon the convex or concave Fig. 523, 524 


ſurface of an upright cylinder B FG, it is propoſed to find theſpoint Cwhere 
the reflected ray BC will cut the plane of the baſe of the cylinder. 

Draw BD perpendicular to the baſe cutting its circumference FG in 
D, and let DH be a tangent to it at D; then let the incident ray OB be 
produced till it cuts the plane of the baſe produced in E, and draw EH 
perpendicular to DH, and produce . till CH equals HE, and C will © 

1 the 


* Art. 208. 


: Art. 19- 


Eig. 525+ 


Fi» r26 to 
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the point where the reflected rays BC will fall upon the plane of the baſe 
produced. 


For joining DC, DE and alſo B H, the plane of the triangle DB H will 
touch the cylindrical. furface in the line B D; and fince the „* 


HC, HE to this plane are equal, if the point C be luppot a focus of in- 


cident rays upon this plane produced, the point E will be their focus after 
reflection“. Therefore on the contrary, the ray OB tending towards E, 
will be reflected to C; and the reflection from the tangent plane is the ſame 
as from the cylindrick ſurface at B *. Q. E. F. 

638. Corol. 1. A more commodious practice in order to the ſolution of the 


| following problem, is to produce O B to E, and to draw D E cutting the 


circumference of the baſe in F, and to inſcribe in it a chord DG equal to 
DF; and in DG produced. to take DC equal to. DE, which gives the 


point C where the reflected ray will fall upon the plane of the baſe. Be- 


cauſe the equal chords DF, DG are E 6 y inclined to the tangent DH. 

639. Corol. 2. Hence ſeveral rays flowing from O upon the line BD, 
drawn along the fide of the cylinder, will all be reflectedto the ſtraight line 
DC; where their intervals are equal to the reſpective intervals of the in- 
cident rays produced till they cut the line DE, Becauſe each two diſtances 
DC, DE are equal. 

640. Corel. 3. Several rays flowing from C upon B D, will all di- 
verge from E; and therefore but one of them can fall upon the fame 

oint O. * . 

641, Carol. 4. Any incident and reflected ray OB, BC produced, make 
equal angles with the line BD produced, and alſo with the plane of the 
baſe, For the triangles BDC, B D E are equal. | 


| PrRoPosITION VII. 
642. To paint upon a plane a deformed capy ABCDEKIHGE, of an 


original picture, hic jnall appear regular when ſeen from a given point 


O, by rays reſiected from a poliſhed cylinder, placed upon the circle In p. 
equal to its given baſe, 

From the point R which lyes directly under O the place of the eye, 
draw two lines Ra, Re, which ſhalleither touch the baſe of the cylinder, or 
elſe cut off two ſmall equal ſegments from the ſides of it; according as the 
copy is intended to be more or leſsdeformed, Then taking the eye raiſed a- 
bove Rto the given height RO, ſomewhatrgreater than that of the cylinder, 


for a luminous point; deſcribe the ſhadow ae of a ſquare a ex 8055 paral- 


a Art, 651, 


lelogram), ſtanding upright upon its baſe àe any where behind the 
arch In Pr 8m divided after a ſimilar manner to another ſquare (or ſimilar 

arallelogram)drawn upon the original picture?. Let the lines drain from 
Rto the extremities and diviſions of the baſe a, ö, c, d, e, cut the remoteſt pa- 
rallel ſhadow in the points /, g, B, i, ł, and the arch of the baſe in , m, 


u, % 5; 


—_ 
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u, o, p; from which points draw the lines /AF, m BG, „CH, o DI, pEK, 
as if they were rays of light that came from a focus R, and were reflect- 
ed from the baſe Ip; ſo that each couple as A, IR produced may cut off 
equal ſegments from the circle. Laſtly transfer the lines /af, mbg, &c. 
and all their parts in the ſame order, upon the reſpective lines AF, m BG, 
&c. and having drawn regular curves, by eftimation, through the points 
A, B, C, D, E, and through F, G, H, I, K, and through every intermediate 
order of points; the figure AC EKH ſo divided will be the deformed 
copy of the ſquare drawn and divided upon the original picture; and will 
r ſimilar to it when ſeen in the poliſhed cylinder, placed upon the 
baſe /np, by the eye put into its given place O. And the fame directions 
that were given in art.637, ſerve for painting the deformed copy of the pic- 
ture upon the deformed ſquare AK. | 
For ſuppofing the eye at O, raiſed to the height RO, to be a luminous 
point; every ſuperficies of rays emitted from it towards every line of the 
ſquate and conſequently towards every line of its ſhadow a &, being intercept- 
ed by the ſur face of the cylinder, will be reflected to every correſponding line 
of the deformation AK; as will eaſily appear by comparing the ſolution of 
the lemmas: and their corollaries with that of this problem. Therefore 
on the contrary, the rays which flow backwards from every line of the 
deformation AK, will be reflected to the eye as if they came directly 
un "_ lines of the ſhadow a#or from the lines of the ſquare it ſelf. 
SR . Corol. 1. If the ratio of the ſides of the original picture, and con- 
ſequently of the ſimilar parallelogram ae, be given; and R be given 
or aſſumed; and 77, the height of the cylinder, or of the higheſt point of 
reflection, be alfo given; the height of the eye may be determined by pla- 
cing n? perpendicular to a R, and by placing the parallelogram ae up- 
on its baſe ace at any convenient diſtance behind the arch Ip, and by pro- 
ducing its baſe ca till £9 be equal to its height; then the line 9? produced 
will cutoff the required height RO; as will appear by canceiving the tri» 
augle RO#9h to ſtand perpendicular to the paper upon the line Rach. 
And if the data be varied, the reſt may be eaſily determined by the rela- 
tion of the lines we have been conſidering. | | 
644. Corol. 2. If the portion of the cylindrical ſurface, which reflects 
the light, be extended into a plane, the deformation AK will become ex- 
actly equal to the ſhadow ak. The 527, 528, and 529th figures belong 
to a concave cylindrical ſurface, 


Fig. 530. 
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: | .CnarerTeRrR XIII. 


The theory of the aberrations of rays is reſumed and carried 
farther, in order to diſcover the limits of perfection of re- 
fleting and refracting Microſcopes ; and to determine for 
them what was determined for Teleſcopes in the ſeventh 
chapter. | 


PrRoPoOSIT1loN I. 


645. | | AVING the focus of hothogeneal rays incident upon a ſpherical 
l ſurface, to 740 3 of the refracted or the reflected 
rays. 
Fig. 531,532. * 2 and q be conjugate focuſes of incident and refracted or reflected 
a Art. 211. rays 2; 9 Tan incident ray upon the ſpherical ſurface 10, whoſe ſemidia- 
meter is SO; IK the refracted or reflected ray (produced) cutting the axis 
OS Ain K; IA the fine of the arch 10; and for the diſtances O, OS, 
OX putting Q, S, X; and m to n for the ratio of refraction, m being big- 
ger n; and 9 for m-; I ſay, if the ray be refracted at I, the aberra- 


tion ꝙ K * xX, and if reflected, K 'N. 

4 2+: r 2-8 : 

Fig. 533. Draw BSZ M parallel to IA, cutting TK produced in Z; and let S4 
be A to QI; and let ? and M be the focuſes of refracted rays, 

ſuppoſing the incident ones to have come parallel and the neareſt to the 


ſemidiameters SO, S B; and by art. 224, SM=Sf=S; and if che ray 


N was parallel to S O, then would its aberration fy =— X by art. 329; 
and by art. 333 theaberration MZ: ty :: SA ſquare: IX ſquare:: & ſquare 


* Art. 2044 : Q ſquare or Q O ſquare®. Hence MZ or 2 * X, and SZ 


78-2. Now becauſe the triangles QX, S KZ are ſimilar; it is as QR 
K:: NM: S; and conjointly as K: AS:: I: IA SZ, Whenee 
putting J for QT, we have K 1 — » and therefore when the 
1 —$8—Z 
0 


point I comes to O and & to 7, the conjugate focus to Q, we have 2 
— , and ſo the aberration qK=(QK-2g=)2=5S x 


7 


2 
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2Z—58 x 2=T 
— =SZFx — With the ſemidiameter Q deſcribe 
2-8 1+ >8—Zx 2-8 
the arch TE cutting SO in E; and calling OE, E, we have W I E and 
-s x 2Z—>SE 8 — 
IE ſo then K == = . „SE, 


2+5 $—Z—E x 24-8 = 


— — 


becauſe 2 - 7 8 | is vaſtly greater than 2 7 SX Z —+ E. Now by art. 
328, XO:XE::YE: SO, and disjointly XO: EO :: QE or O: W. 
Whence E X. For E and E ſubſtitute their values, and the aber- 


= 2 1 11 .* 
* a 


Now if the ray be reflected at I, for n ſubſtitute M and conſequently 
D' X. For the 


ration K = 


2 m for i, and the theorem changes into this, 2 K 2 S 

X 2 
calculation is the ſame whether the refracted ray goes backward or for- 
ward in the line IK; and to change the angle of refraction S IK into an 
angle of reflection, it (and its fine ꝝ) muſt be diminiſhed to nothing, and 
then be made negative and equal to ( m the ſine of) the angle of in- 
c_ he 19, And during this change the method of calculation continues 

tered. | 


EF. 
646. 00 I, Gar Yfor IX, and for a refracted ray the aberration K 


= — * S YY, and for a reflected ray K 
Gooey | V7: 


* 4 For OX: X.: XY: 208 very nearly, 
647. Corol. 2. Let & become infinite, and by the laſt corollary the ab- 
erration of a ray refracted at a plane ſurface, that is K — 


and the aberration of a ray reflected at a plane ſurface is nothing at all. 
648. Corol. 3. When the point of incidence is given, the longitudinal 


rr 
* 3; 


aberration. q K of a reflected ray, from its focus 9, is as 892, the ſquare of 
the diſtance of that focus from the center of the ſurface. For by this pro- 


Fig. 532. 


poſition K is to &, the aberration from T the focus of parallel rays?, as 2 Art. 334 


28? to NT, or as $q* toST?; becauſe QT, ST, 97, being continual 


proportionals b, are proportionable to their ſums or to their differences. b Art. 207. 


049. 


Fig. 534 


® Art.-650. 
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649. Corol. 4. When Qand & are given the longitudinal aberration of 
the outmoſt reflected or refracted ray is as Yi the ſquare of the ſemiaper- 
ture of the ſurface, by corol. I. 


LE MMA 1. 


650. When the terms of a ratio involve two forts of quantities, one of 
which is incomparably ſmaller than the. other; the magnitude of that ra- 
tio is not altered by any alterations made in thoſe infinitely ſmall quantities. 

This will be evident when applyed. | 


| LE Mm a II. 
65 1. In the produced ſemidiameter or of the fpherical ſurface E, let 


T and p be conjugate focuſes of refracted rays; alſo x and ktwo other con- 

jugate focuſes; and when the interval rx of the focuſes of incident rays 

is exceeding ſmall, the interval pk of the focuſes of the refracted rays will 

be —— 5 X wx; ſuppoling , u, 9 to ſignify the ſame as in the former 
(fr — mr 

propoſition. 


or let t be the focus of parallel rays coming the contrary way to the 
incident ones that flow from , and by art. 224, of == or and rt =- 
or; and by art. 238, w : vr: : : wp, and conjointly r: fr :: wo; 
po, that is (for or, o. of, op putting 7, w, t, p) r=: 1 22 22 


Nr 


3 and conſequently putting & and x inſtead of p and w, we have 


= Az; and ſo the diſtance pþ=(p—t=) —==—= = == 


— — — — — 
mr—0x n X mr—0s mp — 0 J 


02 


Murr 


— — x, becauſe the ſquare of any quantity is the ſame 


whether its root be affirmative or negative. Q. E. D. 


PRO POSITION IL 


552. Having the focus of homogeneal rays incident any lens, it is 
ſed to find the aberrations of the refratted rays. ay 


Fig. 535.536 · Let OTEo be the given lens, whoſe vertexesare O and o; R the center 


a Art. 211. 


of the firſt ſurface O 7;r the center of the ſecond oE; and in the axis 0Or R 
let P be the focus of incident rays, and p the geometrical : focus of the re- 
fracted ones; it ispropoſed to find p/ the aberration of the ray P TEl. From 
the points of incidence and emergence 7, E, draw IV, Ev perpendicular to 
the axis, and putting D for the difference of the thickneſſes Oo, Yv; P, R, r 
for the lines OP, OR, or; and 2to 3 for the ratio of refraction in glaſs, I ſay 
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— 27 RR 

— rr —- 66 RRr p 

Ra [4 Anker 52 RRrr 
the aberration I — 


— D. 
6 PPX RH - 24 PR N24 RRrr 
fuppoling the lines P, N, to lye all on one fide of the glaſs; and when: 
they have different poſitions. in different glaſſes, their. ſigns in the theorem 
muſt be altered accordingly. | 

For let wr be the conjugate focus to P after the firſt refraction at I, and 
In the firſt refracted ray; then calling VI and v E, I and E, and in cor, K 
prop. 1. for Q, 8, n, u, d, put P, R. 3, 2, 1, I, and the firſt aberration 


P— RI 47— : on 
T%= | , 2 — XII. Again taking x ZE for the incident ray 


upon the ſecond furface o E, let & be the conjugate focus to x after the ſe» 
cond refraction ; then call ox and Ox, x and w; and in cor. 1. prop. 1. for 
2, , m, u, 0, Hput x, r, u, n, — 0, Eor I, (for they are equal, being in the 
ratio of x vto x V/) and the ſecond aberration i —— 10 — — 


x — 
"i 


r n 15197 


IZA * — F. But p is the conju- * Art-650. 


2—37 1—3 4 u 
| PER |& 
X(wx) == * 


zieh 


6rr 


gate focus to a, and ſo by the ad lemma, p = 


E II. and by art. 236, rg = w= , by putting r for P 


2 R. Subſtitute this value for a; then p e e- eee 7 
RP ri x 36RrP 
ri“ x r a . 
Eine EEO tx By ang 4 and 47 together and be- 
RP“ x 26RrP 
ſtoring the value of? and div iding all by 3, we have the total aberrration 


— 27 R. 
33 de 5 22555 


— (2R*r*p Þ' — fz Rr 
— 14 Rr5 —+ 52R* 7» 
— N II. 


FF 


12Rr PP RH —=48RRrvPxR—r + 48 RN = 
Now OY = _ and 5 whence V= (OY + O- oe =) — + 
00, and fo D =(00—/v=) 2 II, and II = D. By 
putting this value inſtead of II and dividing every term by R „, 


Definition. 
Fig. 537- 


Fig. 538. 


4 
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— 27 RR 
— er —+ 66 RRr p N 
— cr — 14 Rrr 8 — 52RRrr 
* — D. E. D. 
G PPT NN - 214 PRr x R=r + 24 RRrr 
653. Corel, 1. When the incident ray is parallel to the axis, its aberra. 
ration p = ET IT or = e For when 
P is infinite the terms · of che general theorems which contain PP are in- 
comparably greater than all the reſt. 
654. Suppoſing a convex lens to have no chickneſs at its edges and a con- 
cave one to have none in the middle; when the ray falls upon the edge of 
either lens, then D becomes equal to the difference of the verſed fines of the 
half arches that compoſe it. This I call the thickneſs of the lens, which be- 
ing given we have the aberration of the extream ray by either of the the- 
65 f. Corel. 2. The thickneſs D, focal diſtance ;, and ſemidiameter R 
of the firſt ſurface, being given, the aberration of the extream ray coming 
parallel to the axis, that is p/ = — D, when the centers 
of the ſurfaces of the glaſs lye both on one fide of it; but if they lye on 


contrary ſides, p/ = . For by art. 234, the focal di- 


GRR | | 
which being put for 7 in the theorem 


2Rr „ 
ſtance p = = whence r 


of cor. 1, gives the preſent one. 


656. Corel. 3. The thickneſs D, focal diſtance p and ſemidiameter v 


df the ſecond ſurface, being given, the aberration of the extream ray com- 


7Þp—+4rp—rr 


ing parallel to the axis, will be p/ = ———— D when the centers of 
the-ſurfaces lye both on the ſame fide of the glaſs ; but if they lye on 
contrary ſides, it will be 2 —_ = D; found by putting 2 for R 
in cor. 1. . 5 

657. Corol. 4. When the focus of incident rays upon a given lens is 
given, or when they are parallel, the aberrations of the rays from the con- 
jugate focus are as, II, the ſquares of the diſtances of the points of inci- 


dence or emergence from the axis of the lens. For in this caſe P, R, 1 be- 
ing given, pl is as II. 


LEMMA Il. 


0 58. The focal diſtance, half the breadth, and the thickneſs of any lens, 
are continual proportionals. * | rf 
t 
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At che laiter end of the demonſtration of prop. 2. we had II === D, 


2 N. 


and by art. 232 the focal diſtance p= — whence Ip D, or þ, I. 


.D are continual proportionals. Q, E. D. | 
659. Corol. 1. Hence in glaſſes of all ſorts of ſhapes, (that is whatever 
be the ratio and poſition of the ſemidiameters of their ſurfaces,) if any 
two of theſe three things, focal diftance, breadth and thickneſs, be the 
ſame, the third is the ſame alſo. | 


PROPOSITION III. 


660. To compare the aberrations cauſed by the ſphericalneſi of the figure 
F all ſorts of glaſſes : and to determine the ſemidiameters of a glaſs which 
{hall make the leaft aberrations. 

To make a juſt compariſon we muſt ſuppoſe all our glaſſes to have the 
ſame focal diftance, the ſame breadth, and conſequently the ſame thick- 
neſs by art. 659 ; and to differ only in their ſhapes, arifing from the va- 
rious magnitudes and poſitions of the ſemidiameters of their ſurfaces. 

661. Firſt then, I ſay, chat when parallel rays fall upon the plane fide 
of a plano-convex glaſs, the aberration of the extream ray, which is 2 of 
che thickneſs, is leſs than the like aberration cauſed by any meniſcus glaſs 
whoſe concave ſide is expoſed to the incident ray. 

662. Secondly, I ſay that when the ſaid glaſſes have their convexities 
rurned to the incident rays, the aberration of the extream ray in the = 
no-convex, which is now but + of its thickneſs, is leſs than the like a 
ration of any meniſcus in this poſition. | 

663. Thirdly, I ſay that a double convex glaſs, when the ſemidiame- 
ter of the firſt. ſurface, upon which the rays fall, is to that of the ſecond 
from whence they emerge as 2 to 5, is juſt as good as the plano-convex 
in its beſt poſition; the aberrations of both being + of their common 
thickneſs. Le 

664. Fourthly, I fay that when the ſemidiameters of a double conver” 
are equal, it isnot ſo good as a plano-convex in its beſt poſition, its aber- 
ration being £ of its thickneſs: but if the ſemidiameters of its firſt antl 
ſecond ſurfaces be as 1 to 6, it is the beſt glaſs of all; the aberration of 
the extream ray being now but ths of its thickneſs ; which is the leaſt 
poſſible ; there being no ſuch thing in nature as a glaſs compoſed of two 
ſpherical ſurfaces that has no aberrations. But if this beſt glaſs be invert- 
ed it becomes much worſe; for the aberration will then be g of its 
thickneſs. | | | 

665. Laſtly, I ſay that when a plano-concave has its plane fide expoſed 
to prey rays, the aberration of the extream ray is alſo 2 of its thickneſs, 
and that when it is inverted, the * becomes only Zths; _ = 

: K A 5 


* 
B 
'. 
| + 
Aa 
q 
* 
: 
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leſs than the aberration of any concavo-convex glaſs; and equal to that of 


a double concave glaſs the ſemidiameter of whole firſt ſurface is to that of 
the ſecond as 2 to 55; and that the beſt of all double concave glaſſes has 
the ſemidiameters of its firſt and ſecond concavities as 1 to 6; and conſe- 
quently this is the beſt figure of a glaſs to help ſhort- ſighted perſons, as the 
double convex one of the like figure is the beſt for ſpectacles. 


DEMONSTRATION. 

666. Firſt then, by article 655. the aberration cauſed by a meniſcus is 
2D—+2L D-+ 3 =D; which decreaſes continually as R increaſes, till 
when R is infinite and the meniſcus becomes a plano- convex, the aberra- 
tion becomes equal to 2 D, the other terms being incomparably leſs than 
this. 

667. Secondly, after R is infinite let it become negative; and after that 
let 7 alſo become infinite and then negative, though bigger than R, that 
R may belong to the firſt ſurface whoſe convexity is a. expoſed to the 
incident rays; and by art. 656. the aberration, now cauſed by the meniſ- 


cus, namely 2 ” D + 2 DD decreaſes continually as r the ſemi- 
diameter of its ſecond ſurface increaſes, till it equals + D, when the glaſs 


becomes a plano-convex: which is leſs than its aberration 2 D, in the con- 


trary poſition, in the ratio of 7 to 27, or almoſt 4 times. 
668. Thirdly, to change this glaſs into a double convex, after 7 is infi- 
nite let it become negative, and ſuppoſing it vaſtly bigger than p, the ne- 


ative term = D, in the preſent aberration En D, will 
g : p 22 D- D 


be bigger than the affirmative one + 22 D; (the root of any proper fraction 


being bigger than its ſquare in a duplicate ratio of the terms; ) conſe- 
quently their negative difference will make the aberration of a double con- 
vex leſs than 3 D, the aberration of a plano-convex; ſo long as that dif- 
ference continues negative; but ſuppoſing r of ſuch a magnitude as will 


make that difference nothing, or + — D- D=0, the aberration of this 


* 


double convex will be 3 D, the ſame as chat of the plano-convex. Now 


| . 2R | R 
for p put its value — and you have 3 X -— =3 =0, whence 5 R 


\ 


21, thatisR:r::2:5. 
669. Fourthly, the aberration of any double convex glaſs whoſe 
ſemidiameters are given may be found by computing this quantity 


= — D =p! by art. 653, the ſign of r or R being changed, be- 


dee the table of Errata for p. 256. 


cauſe 
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cauſe they now1ye on contrary ſides of the glaſs. Thus ſuppoliny R 
5, the aberration comes out 2 D, as was proved juft Li —— ap- 
Poſing Rr, it comes out; D. To find the ratio of K tor when the aber- 


ration 18 the leaſt poſſible, put R T, then the aberration 1 27 + br + be 1 


— — 


XA +27 +7 


D=p!1. Now when any quantity or fraction comes to its leaſt (or greateſt) 
magnitude, it varies that magnitude but very little, or rather not at all 
while r varies but little. Suppoſe r increaſed by an exceeding ſmall in- 
crement — by ſubſtituting 1 — 2 for , rr Aar An for r. 
we have D pl — — 7 — 5 — —— — Which 
gives this proportion, 27 + br + 777: 1 +2r +r7:: 27 +6r + 
grr +61 + 1471—+711:1 +27 +rr +2u—+2r7n1,—+#n (and 
disjointly) :: 62 + 147% + n 20—+2rt +11: +71: 1 +7, 
neglecting the ſquares of 7 as inconſiderable:; and alternately 27 —+ 6r a Art. 650. 
rr: 3+7r::(I+2r+rr:1l-+7r::1-+7:1. Hence 27 + 67 
2; has — 197 +777, and by reduction r=6. But R was put 1, and 
ſoR:r:: 1: 6. Put values for R and r, and you will find the ab- 
erration pf D. Now if this beſt glaſs be inverted, that is, if we put 
R=6 and , you will find p/= 145 D. | 

670. Since this glaſs in its beſt polition has the leaſt poſſible aberration, 
it is impoſſible for any ſpherical glaſs to have no aberration at all; which 
may alſo be proved after this manner. Suppoſing it poſſible that p/ may 
be nothing, then putting 7 =1, we have 279 == 6r + 77 r=0 whence 
by reduction T 4 — = , which is an impoſſible quantity; 


and ſo the ratio of R tor is impoſſible upon ſuppoſition that the aberra- 
tion is nothing. Te 
671. Laſtly it appears by art. 655 and 656, that thoſe theorems ſerve 


equally for concave and for convex glafles, and ſo the ſame demonſtrations 
ſerve alſo for this laſt article. Q. E. D. | | 


* 


LEMMA IV. 


574. If the angles of incidence and refraction of a ray, ACS, that Fig. 539, 540. 
paſſes through a very ſmall angle of a priſm, A1C, be ſo little as to be 
reckoned proportionable to their ſines; the angle of deviation RF'S, con · 
tained under the incident ray FR and the emergent ray SCFT pro- 
duced, will be to the refracting angle AIC, as the difference of the fines 
f incidence and refraction to the leſſer of them; and conſequently the 
py. ee of the angle of deviation R FS will be invariable in all pofitions 
0 : e ra 5 2 8 ; 
For — the perpendicular AB, to the firſt ſurface 47, croſs CD, the 
perpendicular to the ſecond, in E; 200 the ray AC to go both 
2 ways 


Fig. 541. 


Fig. 72, 73. 


Fig. 542. 
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ways ont of the priſm,” the angle of incidence AC D will be to the anglo 
of emergence DCT, in the given ratio of the fine of incidence to the fine 
of refraction, that is of 7 to 7; and disjointly, we have ACD to ACT 
as i to ri; and the angle CAB is to CAR, in the lame ratio, ſuppoſing 
the ray to go backward along CA; and conjointly or disjointly we have 


4C DS CAB to ACT + CAR, that is AE Dor Al to RFS in the 
fame given ratio of i tor -i. N E. D. | 

673. Corol. 1. Hence any two homogeneal emergent rays produced, 
will be inclined to one another in the ſame angle as the two incident rays 
are inclined to one another. For let the two incident rays QF, gf (pro- 
duced) meet in K; and let the emergent rays S F, sf (produced meet in 
Z; and let one of the incident rays croſs the other emergent ray in M; 
and ſince, in the triangles KMF, E Mf, the angles at Mare equal and 
alſo thoſe at F and f by this lemma, it follows that the remaining angles 
at K and L are alſo equal. 

674. Corol. 2. And when two homogeneat rays are refracted through 
the ſame point of any tens, whoſe thickneſs is inconſiderable, the angle 
contained under their incident parts is equal to the angle under their emer- 
gent parts. For the thickneſs of the lens being very ſmall, if the rays 
have a common point of incidence, their points of emergence will be 
very near one another; or if the point of emergence be common to both 
rays, their points of incidence will be very near one another; and ſtill 
nearer if the rays croſs one another within the lens ; conſequently the re- 
fractions through the lens will be nearly the ſame as through two planes, 
that touch its ſurfaces at two given points, near the points of incidence 


and emergence and contain a given angle with one another. 


675. Corol. 3. When the ray AC within the priſm, coincides with a 
ha” e to either-of the planes, as with. AB; one of the refractions 
will vaniſh at A; and then the angle of deviation R FS made by the other 
ſingle refraction, will continue the ſame in quantity as before, when it 
was made by two refractions; becauſe the magnitude of the angle of de- 
viation is invariable by this lemma. | 

676. Corol. 4. Therefore when an heterogeneal ray is ſeparated into. 
coloured rays, by ſmall refractions through a ſmall refracting angle of a 
given quantity, the emergent rays of given colours will be inclined to 


one another and to the incident ray in certain given angles, in pa e 
of the incident ray. Becauſe theſe inclinations made by two refra 
are every where equal to the inclinations made by a ſingle refraction at 


ctions, 


the ſecond plane, when the incident ray falls perpendicular upon the 


.frſt plane. | 


677. Corol. 5. And an heterogeneal ray, refracted through a given poiat 
in a lens, has the ſame property as in the priſm; that is the emergent * 
| | | | 2 
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of given colours are inclined to one another and to the incident ray in gi 
ven angles in all poſitions; for the reaſon mentioned in cor. 2. | 

678. Corol. 6. Therefore if ſeveral glaſſes of ſeveral ſorts or ſhapes 
have the ſame focal diſtance, and the fame aperture; the diameter of the 
circle of aberrations of heterogeneal parallel rays from their principal fo- 
cus, will be the fame in them all; being the ſame as in a — 
glaſs when its plane fide is turned to the incident rays*; and in this caſe Art. 675. 
we have determinedit above in art. 324. And when the rays in the incident p / ng 
pencil are either parallel or inclined to the axis of the lens, the diameter 
of the circle of aberrations is as its diſtance from the lens; becauſe the an- 
gle RAS is invariable. 

679. Corol. 7. Therefore with reſpect to theſe aberrations by colours 
ſeparately conſidered, it is indifferent which fide of a lens is turned to 
the incident rays ; becauſe its focal diſtance is the ſame in both po- 
ſitions b. a b Art. 233. 


PRoPOSITION IV. 


680. When Q the focus of homogeneal incident rays is not much farther 
from a lens EI than its focal diſtance EF; (as in double microſcopes; ) the 
lateral aberration qR of the — refratted ray IR, from their geome- 
trical focus q; is to F G the lateral aberration ¶ from the principal focus 
Fa ray PI that comes the contrary way, parallel to the axis and through 
the ſame point I, as E q to EF nearly; that is direfthy as the diſtances of theſe 
focuſes of refracted rays from the lens. | 

Produce the perpendicular G F till it cuts the incident ray QT in L; Fig. 543; 
and joining LE and 1g they will be parallel. For the triangles 2 LF 
NIE being ſimilar, we have L: :: (F: ::) E: Ag; which » ar. 239. 
ſhews that the triangles 2. LE, Ag are equiangular. Draw EM paralleſ 
to the refracted ray [KR cutting FL P oduced in M; then the angle 
GIL equals PIK or IKE or MEF; and conſequently GL, equals » Art. 674. 
FM nearly; being the ſubtenſes of the equal angles GIL, MEF and 
being very ſmall and nearly perpendicular to their legs when Q and EI 
are very ſmall. Hence taking away the common line FL, we have LM 
equal to the aberration FG. But the angles IR, LEM, under two cou- 

e of parallel lines, are equal; and their ſubtenſes N, LM being equally 
inclined to their legs, we have qR: LMor FG:: I: EL::)qE: EF; 
becauſe the triangles q JE, ELF are equiangular. Q. E. D. a. 

68 1. Corol. 1. When a plano-convex glaſs, which is nearly as good as the 


beſt of all, has its plane ſide turned towards the focus Q, we have the late- e Art. 662. 


| i 664 
ral aberration cauſed byits figure, that is R= x N Eg, and the lon- * 


Situdinal aberration K N H- and in ſpherical lenſes of any 


* Art. 339- 


Fig. 544 t0 
547+ 
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Mape or ſubſtance, their aherrations are as theſe quantities. For the lon- 
gitudmal aberration of the parallel ray P 1, chat is FF'is 3 of the thick- 
neſs of the glaſs or 3 * -— ®; and becauſe che triangles FG. ETare 


equianguler, we have the lateral aberration Fir Nr; and therefore by 
* f ED ara tad 
this propoſition we have qR=3 Xx E and becauſe the triangles 
RN, EIK are equiangular, we have K 2} x He Lf | 
682. Corol. 2. Hence F being given, the lateral aberrations, cauſed 
by the figure of any given lens, are as the cubes, and the longitudinal 
aberrations as the ſquares, of the diameters of the Tſe in 
683. Corol. 3. And hence the diameter of a circle of theſe aberrations 


cauſed by the figure only, that is ⁊ qR*= = * = x Eq. Becauſe the de- 


monſtrat ion of the 339th article has this foundation only, that the lon- 
gitudinal aberrations are as the ſquares, and the lateral ones as the cubes, 
of the linear apertures; and confequently ſerves for any lens by cor. 2. 
as well as for a plano-canvex one. unde 

684. Corol. 4. The diameter of a circle of aberrations that will juſt 
contain all ſorts of heterogencal rays flowing from E is equal to 2 
EL. by art. 324 and 678, taking Fand 9 for the focufes of the mean 
refrangible rays. | | | 
| 08s: Corol. 5. Therefore when the plane ſide of the obje-glaſs E 1, 
of a double microſcope, is turned towards the object at Q, the diameter 
of the circle of aberrations in its image at , that would ariſe in homo- 
geneal rays from the ſpherical figure only, would be to the diameter of 
a circle of aberrations of heterogeneal rays, if the figure of the lens was 
berfec, as 1 to x = And conſequently theſe circles will be equal 
when the diameter of the aperture of the object-glaſs is half its focal di- 
ſtance very nearly, 8 | 


W LEMMAV. 
686. Let innumerable pencils of rays be ſuppoſed to belong to innu- 
merable focuſes in any — part of ba axis of the eye produced both 
ways; and let it be propoſed to determine the leaſt circle upon the reti- 
na, into which all the rays, that enter the pupil, can be colleted. 
Let AO be the ſemidiameter of the pupil, and OT'S the axis of the eye 
produced; and let pencils of rays belong to every point of the part ST, 


- When its extremities S, T are both on the ſame ſide of the eye; or elſe to 


every point of the infinite axis, excepting the part ST, when S and T are 
on contrary ſides of the eye. Biſect ST in Y, and towards the eye 3 


me 


VAto Tas VT to YO; and through 2 draw aline P perpendicular 
to the axis, cutting SA and TA. the jm. a pra foe — > 
cils, in P and R reſpectively. And when the eye adapts it ſelf to view 
the line PR as diſtinctly as poſſibly, its picture @p upon the retina will 
be the diameter of the leaſt 
lected. | 
For ſince we made VO: Tor VS: : VS: VAN, conjointly we have 
OA tos Lin the ſame ratio; and alſo disſointly YO -YT 
toYVT—YY in the ſame ratio; that is SO: S2: T0: T9. Conſequent- 
ly, ſince the triangles SAO, SPQ and alſo TAO, TR are equiangular, 
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we have AO: P: (SO: S: TO: TQ::) AO: M, and therefore 
the lines , M are equal. Let vn be a diſtinct picture of PN, that 


is let all the rays that may be ſuppoſed to flow from P, be collected to 
upon the retina ; and the ray S PA being one of them, will go to w 
along with the reſt; and in like manner the ray RTA will go to p; and 
the lines P, M being equal, their pictures Tx, xe will alſo be equal. 
Imagine the whole figure to be turned about the axis STO; and it will 
appear that the rays of one extream pencil, whoſe focus is S, will be 
ſcattered all over a circle upon the retina, whoſe center is x and ſemidia- 
meter is$7x; and likewiſe the rays of the other extream pencil, whoſe 
focus is T, will be ſcattered all over a concentrick circle, whoſe ſemi- 
diameter is xe; and theſe two circles will exactly coincide when their 
ſemidiameters x, x e are equal. But if the object PR be ſuppoſed to 
approach toward the eye, the ſemidiameters PQ and wx will boch in- 
creaſe; and on the other hand, if PR be ſuppoſed to recede from the 
eye, the ſemidiameters QR and xe will both increaſe, while the other 
ſemidiameters P and wx are decreaſing; and in both ſuppoſitions the 
circle upon the retina which contains the rays of both the extream pen- 
cils, being the larger of the two, will be larger than it was before, -when 
it was equal to the other ; that is when the eye viewed the equal lines 
PA, & diſtinctly. 

Now when S and T are on the ſame fide of the eye, all the pencils that 
belong to intermediate focuſes between the extreams 5, T will fall within 
the circle above defined. For conceiving the neareſt point 7 to recede 
from the eye, the lines QR and «xe will both decreaſe, and fo will 2P 
and x& while S approaches towards the eye. And if S and T be on con- 
trary ſides of the eye, all the pencils will be collected into the ſaid cir- 


cle, whoſe focuſes are in every point of the infinite axis excepting -the 


part S T. For by conceiving both OS and OT to increaſe, QP and M, 
and conſequently x and ze will both decreaſe. Q, E. D. 


687. Corol. 1. Hence when a pencil of rays that flow from a fingle | 


point of an object, ſhall be ſo diſpoſed by reflections and refractions, as 
in falling upon the eye, to belong to innumerable different points of its 
axis 


circle into which all the rays can be col- 
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axis produced, as in the propoſition; che diameter we of the leaſt circle 


upon the retina, that contains them all, will'be as the angle SAT; that 


zs as the greateſt angle in which the two outermoſt rays interſect one ano. 


ther = the pupil of che eye. For g is as the angle POR or PAR or 
SAT. 
688. Corol. 2. Conſequently when OS and OT are on contrary ſides 


of the eye, and are equal to one another; that is when the two outermoſt 


rays are . inclined to the axis and contrary ways, the diameter 
we of the leaſt circle of aberrations, will be as the angle AS Tor AT S 
in which either of the outermoſt rays is inclined to the axis: and in this 
caſe the eye mult be adapted to collect the parallel rays to a diſtin&-point 


upon the retina. For the line YO being nothing in this caſe, the third pro- 


portional / Q becomes infinite; and we being always as the angle POR 
or PAR is now as its half, AST oor ATS. EN . 


DEFINITION, 


689. In viſion either with the naked eye or with np the apparent 
indiſtinctneſs of a given object, is as the area of the leaſt circle upon the 
retina, into which all the rays of a ſingle pencil can be collected by the 


eye. | 
Fhe reaſon of this definition has been ſhewn in the beginning of the 
demonſtration of the 343d article. 


PRO FPHOSITION V. 


690. In microſcopes made <with ſingle lenſes, a given object placed at 
Ibeir principal 7 will appear equally diftin&, 1f their linear apertures 
be as their focal diſtances. 

691. Caſe 1. At firſt let us ſuppoſe the figure of the lens DP, to be 
ſuch as would cauſe no aberrations of homogeneal rays*; then if the ob- 
ject be placed at F, and FP be the focal diſtance of mean refrangible 
rays, all theſe rays that flow from F, will be refracted into the lines 


DE parallel to the axis FP. Let the violet contained in the outermoſt 


Heterogeneal ray FD be refracted along DK; and let another violet ray 


be ſuppoſed to come backwards along ED, and to be refracted along DR, 

meeting the object in R. Then the apparent indiſtinctneſs of the point F 
being as che area of the leaſt circle of aberrations, upon the retina, of the 
rays in one pencil flowing from F*, will be given when the diameter of 
this circle is given; or when the angle EDK* or FDR#* is given; that 
is when the ratio of FR to FD or FP is given. But in heterogeneal 
rays the ratio of FR to DP is alſo givenb; and conſequently the appa- 
rent indiſtin@tneſs will be given when che ratio of DP to PFs given. 


692, 


ͤ—IkƷ —  — — — = : — 
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692. Caſe 2. Now let the figure of the lens DP become ſpherical Fiz. 549. 


while it keeps the ſame focal diſtance; and the innermoſt of the mean re- 
frangible rays flowing from F, will ſtill be refracted into lines parallel 
to the axis; but the outermoſt of them as DE will now converge to- 


wards it by too great a refraction a. Imagine a mean refrangible ray to 4 81. 


come backwards along L. parallel to the axis, and to be refracted along 
Dr, ſo that Fr may be the lateral aberration of homogeneal rays cauſed 
by the figure of the lens. And the apparent indiſtinctneſs of the object ſo 
far as it depends upon this ſort of aberration, will be given, as in caſe 1, 


when the ratio of Fr to FP, chat is, of 7 to FP, and conſequently Art. 681. 


of DP, to Fi, and of DP to PF, is given, as before in caſe 1. 


693. Caſe 3. Now let the violet contained in the heterogeneal ray FD pig. 549. 


be retracted along DK; and the angle E DK between the green and 
violet will be a little bigger than in the firſt caſe; being increaſed by a 


27th or 28th part of the angle ED L, which meaſures the increaſe of re- Aut. 324 


fraction or deviation cauſed by the change of the figure of the lens. This 
increment of ED is therefore as the angle E. DL, and conſequently is 
given when the ratio of DP to PF is given, by caſe 1. But the ou 
rent indiſtinctneſs will be given, when the diameter of the leaſt circle of 
aberrations of all the rays upon the retina is given ; that is when the 


whole angle K DL is given? ; or when all its yu E DL, EDK and b Art. 688. 
e 


the increment of E DK, are given; and we have ſhewn that all theſe parts 
are given when the ratio of DP to PFis given. Q, E. D. "Wk 
694. Caſe 4. In theſe caſes I have confidered the aberrations of the 
violet rays from the green or mean refrangible ones, which were ſuppo- 
ſed to be parallel to the axis; and the red rays being inclined to the axis 
very nearly as much as the violet, and in a contrary poſition, will all be 
contained in the ſame circle of aberrations upon the retinac. Q. E. D. 

69 55 In microſcopical lenſes whoſe focal diſtances are not much lon- 
ger than half an inch, there is no need to contract their apertures, for 
procuring diſtinct vition ; the pupil it ſelf being ſmall enough to exclude 
the exterior ſtragling rays. But in ſmaller lenſes where apertures are ne- 
ceſſary, we have ſhewn that to preſerve the ſame degree of diſtinctneſs 
their diameters muſt be as their focal diſtances ; and then the apparent 


» 


brightneſs will decreaſe in a duplicate ratio of their focal diſtances, ſo 


chat by uſing ſmaller glaſſes the apparent magnitude and the obſcurity of 


the object will both increaſe in the ſame ratio. For the ratio of PD to Fig. 549. 


PH being invariable, the angle PF is alſo invariable, and conſequentl 

che quantity of light received from the point F is alſo invariable; becauſe 
the apertures of che lenſes whether ſmaller or larger muſt all be ſituated 
at ſuch diſtances from F, as juſt to receive all the rays contained in a cone 
deſeribed by turning the angle PF 25 the axis P F, neither more 


nor 
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nor leſs. But the apparent magnitude: of the object, or the ſurface. of its 
picture upon the retina is reciprocally as P F ſquare *, and conſequently 
the light being the ſame its brightnels is directly as PF ſquare, By chi 
theory it appears that a minute object cannot be magnified to be by 
a ſingle lens though it were poſſible to make it as ſmall as we pleaſe; 
without ſome method of increaſing its light. Nevertheleſs this unper- 
fection in fingle microſcopes is not ſo great as at firſt ſight one would take 
it to be, or as in fact we find it; the reaſon may be becauſe the eye is ca- 
pable of diſcerning objects tolerably well by above 20 thouſand different 
degrees of light, every degree being equal ta the light by which we ſee 
objects in the brighteſt moon-light night b. But chough the brightneſs 
of the object were increafed by throwing new light upon it, yet 
obſerves that the power of the mene. would {till be limited by the 
breadths of the pencils that enter the pupil, which is * to the breadth 
of the aperture. For if this breadth be Ih than 4 + or g ofa line, he affirms 
that the edges of che object will begin to appear  indiſtin@e. But by dou- 
ble microſcopes this excellent Aurhor has made it appear we may mag- 
nify objects at pleaſure; provided it was poſſible to form their object- 
glaſſes as ſmall as we pleaſe ; for we ſhall ſhew in the ſequel that all other 
obſtructions may be removed. 


PROPOSITION VI. 
696. In reſroftin and refleing microſcopes, and telefe 


Wes. madpavith 


e ſingle cye-glaſi, the apparent indiſtinctneſi of a given 5 2 by the 
9 7 either kind c 4 —— 2 aj 3 as. * 
ſquare of the greateſt lateral aberratian in heb image 1 

glaſt or object. metal, and inverſely as the Hate F the; 7:7 nog? 


the eye-glaſs, ve nearly ; ; becauſe the aberrations. cet by the ge. glaſt 
are Ay es inconfiderable.. 

97. Cafe 1. Let us ſuppoſe the figures efthe CONVEX glaſſes EI. c. 
to be — or ſuch as would cauſe no aberrations of homogeneal raysd; 
and let all the mean refrangible rays that flow from the point Q, in the 
axis 2 Eqex, be refracted through the object-glaſs EZ ra — Where 
— one another let them be refracted through the eye-glaſs ei into 

lines; and let the humours of the eye be. to collect them 


my to a ſingle point x upon the retina xg. Then let the ray IR; 


be the outmoſt violet, or che outmoſt red, — he- 

cal ray Q before refraction at 7;, and let this ray Ji be refracted 
by the eye · glaſs into the line i a, and be ſent by the refractions in the eye. 
to the point ę upon the retina. a ray b1 of the fame colour 


as ai to come backwards parallel to. che axis, and to be refracted at i along 


the line ir; and r to the axis through 4, cut „ ir 


_ 
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in v and the ray: I in R. Now the ſemidiameter xe, of the circle of aber- 
Tations upontheretina, ĩs as the 1 or as ĩts equal Ri r* and con- * Art. 688. 


ſequently as 2 or bo as For I ſhall ſhew preſently chat 97 is al- — 
moſt incontiderable! in compariſon tog in alloptical inſtruments, notwith- 

ſtanding it is not as qR. But the apparent indiſtinctneſs of the point , 
is as the area of he circle of erraions pon the retina?, or ——— a Art. 689. 


of its ſemidiameter xg or a; that is directly as the ſquare of the 
lateral aberration in the image at 4 and inverſely as the ſquare of the 
focal diſtance of the eye-glaſs. { 
698. Caſe 2. Suppoſing the glaſſes EI, ei to remain in the ſame places j 
as before, let us now conſider the aberrations which the ſphericalneſs of 9 
their figures 'would*cauſe in a pencil of mean refrangible rays. Therefore Fig. 55. | | 


now Tr qR and xg reprefent the lateral aberrations of the outermoſt of 
theſerays Ria g; and let bir be alſo a mean refrangible ray. Then ug 


is as the angle 415 * or as Rir® or as—* or as — neglecting qr. Burt * Art. 688. j 
| 


che apparent indiſtinctneſs is as the circle of theſe aberrations at x*, that * Art. 222. 
is as xe* or a5 fr „that is, directly as the ſquare of the lateral aberra- 


tion in the imageat 9 and inverſely as the ſquare of the focal diſtance of 
che eye-glaſs; as in the former caſe. 
699. To ſhew that qr, the aberration by 5 glaſs, may be neglect · Fig. 550,5; !. 
ed, let EF be the focal diſtance of the ne AG Fe double yaicro- 
ſcope; and ler the ry Ti croſs the axis in E. then in caſe 1. we have 


: 
7K r 7. EI and r ei ET, ek ET:: 2K - Att. 674. | 
1 


ad 75 nearly. Lens we have 2 * 5 I eq; _=_ 
as apparent ma E object ſeen in microſcope, its . 
apparent l the naked eye from a diſtance equal to ; as | 
will appear by article 127. tian 3 idea of the ratio of qRto gr. | 
In Huygens's ſtandard microſcope, to be deſcribed in art. 710, this ratio 
ng to 1; and in a teleſcope it is alſo the ratio of its magnifying power. 
2 — In caſe 2. e the aberrations by the figure, we have qR 
AE and gr = r = 2 5 eg; for the reaſon abovemen - Art. 68r. 
tioned. e e when the wap E, e have ſimilar ſhapes, we have i 


gR: grit greg: 3500: 1 in Huygens s microſcope. 5 
Gf Le flecting micraſcopes Fig. 552. | 
701. Cafe FR t us now conſider re aral ; 
and let q be the conju- | 


in which ler 2 be the focus of incident rays oem A Concave 
whoſc — is EC and 1 focus ng 
a 
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- 2 * 
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gate focus to Q; and IK Re be a reflected ray making the aberration K 
in length and R in breadth; and let every thing elſe remain as in caſe 2. 
Then if we neglect the aberration H cauſed by the refraQtion of the rays 
through the eye-glaſs ei; it is evident that the apparent indiſtinctneſs 
will be as = as before in the refracting inſtruments. 
- 702. To compare theſe. aberrations qRand qr; we have the longitu- 


* * : E 12 C 2 
dinal aberration q K _ | 
EB 90 


::q9C*:CF* or 1 EC. Hence the lateral aberrration qR = Ts 
Now in the eye-glaſs, if we conſider the aberrations cauſed by coloured 


For by art. 648, we have K: 4 52 5 


rays, we had qr = X E I*, and by conſequence R: 2: 


I eg; which in a reflecting microſcope hereafter deſcribed? is as 33 to 1. 
y 4 E to be infinitely increaſed, this microſcope will be 


changed into Sir 1/aac Newton's reflecting teleſcope; and then we have 
qR: qr yu or 7775 re:: 55: 24, in Mr. Hadley's 5 foot tele- 


ſcope taking the middle eye- glaſs and aperture b. Nevertheleſs experience 
ſhews that the object appears ſufficiently diſtinct. Indeed the diſpropor- 
tion of R to qr will be greater if we neglect the darker and fainter co- 
lours into which the ray 24 is ſeparated, which may ſcarce affect the eye, 
and take gr ei, ſuppoſing ge the focal diſtance of the brighteſt yel- 
lowe. But in retracting inſtruments the ratio of R to qr will not be al- 
tered thereby d. With reſpect to the aberrations cauſed by the ſpherical 


figure of the eye-glaſs, we have qr = Z 175 eg, and by conſequence R 


: gr e : 7695 : 1, in the reflecting microſcope hereafter 
deſcribed. In a reflecting teleſcope this ratio is compounded of the ratio 
of its magnifying power and of 1 to g + theeye-glaſs being plano-convex, 


. 703. Corol. Therefore in refracting and reflecting teleſcopes and dou- 


ble microſcopes, the apparent indiſtinctneſs of a given object, that would 


ariſe from the aberrations of either kind ſeparately conſidered, will be 
nearly the ſame or in variable, when the focal diſtances of their eye-glaſſes 
are as the greateſt lateral aberration in the images formed by their object- 
glaſſes or object- metals: or when the angle ſubtended by R at the point 
1 or e is invariable. rel el 
704. And this angle is called the Angle of Aberration by the Figurecr 
by Colours according as qR is the lateral aberration cauſed by the ſpheri- 
calneſs of the figure or by coloured rays, * rt 


: 
4 bl . 5 63 
o 4 * 4 The 
* _ 
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I be following propoſitions being wrote when I read over Mr. Huygens 
upon the ſame ſubjectꝰ, I followed the letters of his figures, and cannot 2 Dioptr. 5. 
R them for ſuch as I commonly uſe without ſome danger of 

es. | | 


Lemma VI. 


Concerning the apparent magnitude, the apparent brightneſs, and the 
__—_ of aberration, in double microſcopes compoſed of two convex 
laſſes. 
, 705: Let an object B & be placed a little farther from the object- glaſs Fs. 55> 
PD than its principal focus O; and let its image NY be viewed through 
an . E whoſe focal diſtance is NE. Let the object B & be view- 
ed alſo by the naked eye from any given diſtance BQ; then take BY to 
BO as EN to OP, and the object will be magnified in the microſcope in 
the ratio of B to BY, kk 
For let the ray XP cut the image in I, and be refracted by the eye- 
glaſs along Z J; join XN and draw X Q parallel to ZY or EY* and the Art. 50. 
object will appear from under the angle EVA equal toNEYor BA; 
and conſequently will be magnified in the ratio of the angle BA to 
BQX, or of BQ to BY, But ſince the figures PXA, PYE are fimilar, 
we have BA: NE::(BX: NT:: BP: PN::) BO: OP. For ſince B 
and N are conjugate focuſes, we have BO: BP:: BP: BN* and dif- * A. 23% 
jointly BO: OP:: BP: PN. Q. E. D. A 


* Q FEY OP 
| 706. Corol. 1. The apparent diſtance B N NE = 5p VE. And 
B a being given, the apparent magnitude of the object in the microſcope, 
is reciprocally as BA, by the lemma. ; 3 

707. Corol. 2. Let PD be the ſemidiameter of the aperture of the ob- 
ject , and the apparent brightneſs of the ſame object ſeen in the fame 
or in difereat microſcopes, will be as —, For the quantity of 
rays that illuminate any particle of its picture upon the retina, is as 7 ; 
becauſe if P B was given, the quantity of rays received from B upon the 
whole 3 would be as the aperture or as PD; and if PD was 
given, the quantity of thoſe rays would be as their denſity in the aper 
ture, that is as , ; but the apparent brightneſs of an object is di- Art. 58. 
rectly as the quantity of rays that illuminate each particle of its picture 
upon the retina, and inverſely as the area of the picture, or inverſely 
as the apparent magnitude of the viſible area of the object; and ſo the 

PD? PB> x NE? 4 1 


. * . F IS +: * o 
apparent brightneſs is directiy as 55 ls: ures. Art. 705. 
2 . 4 w - 4 708, 


. +» * * > 


Ce a i — — 


"6 ALT" 


270  ABERRATIONS OF RAYS BOOK 2. 


708. Corol.-3. The angle of aberration by colours in as 1 N Fg 0 or 
| 5X 56 e eee image 


Art. 634. at Mis as PD - 
; 709. Corel. 4. "The ITY of aberration by the figure of the object glaſi 
« „FD 
is as 7 * 14. For the greateſt lateral aberration by the figure in the 
PD3 - 
a Art. 683. image at Mis as 5 PN.. 


PROPOSITION VII. 


Fig. $539 554+ * 0. To make a new refracting microſcope denoted by ſmall letters 
| .enpdbo, that ſhall magnify an alect more than a given microſcope de- 
noted by larger letters ENPDBO, in any propoſed ratio of n fo 13 with 
the ſame degree of brightneſs, and 4b too, fo far as it depends upon 
the different refrangibility of rays and not upon the Nn of t Ny fi- 
gure of the obje-g es. 

Take ne NE, pd PD; po =—PO, FL =—PB, pu=2 


PN; and we havc the microſcope required. For exampl e, the dimen- 

ſions of Huygens's ſtandard microſcope in inches were _ NE=2, 
1 PB=2, PN=7. And therefore the diameter of 

| abject edi it 36 times lo r than to the naked eye at 8 inches 
b Art. 705, Aae * to the dimenſions of another microſco that ſhall 
magnify twice as much, we have n= 2. Whence by the ri le n NE 
Tbs le E Sede l of keep 

rule is t \ 

of the points B, O, P, N, belonging to che object-glaſs, E 3 | 
e Art. 706. #azios, Hence we have NE recipracally as the apparent magnitude chat 
is ne: NE::1:n. Therefore ne =- NE. And becauſe the angle of ab- 


d Art. 2 errarions b colours muſt remain unaltered, we havealſo PDas NE* or 
EY a reciprocally as theapparent magnirude as before that is pd: PD:: : 1:4, 


nai pd = PP. And laſtly becauſe che apparent brightnaſs muſt 


At. 705. cunakered, we have P Nas PD Ve or as MEI, {becauſe we 
wy Das ME,) or rec . in a duplicate ratio of the apparent mag- 
By Hypoth, nitude ther pa: P and pb: PB and po: n 1: . Ther 


** 
forepo=—PO;pb=— PB and pn =— PN. QE. D. y 


711. Col. 1. In theſe microſcopes the ne 


Zure of their object-glaſſes are directly in a duplicate ratio of the appa- 
rent 
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rent magnitudes of the object. For theſe angles are as 2 X == or a8 ® Ant 70g. | 


5 PO3 
707 by the hypotheſis of the rule and becauſe we had P D as NE; that 
is, the angle of this aberration in the new microſcope, is to the like angle 
in the old, a or 33 765 „ that is, as 1 to 1. 

712. Corol. 2. Hence if a given microſcope that has a plano-convex 
object-glaſs, will bear the convex ſide to be turned towards the object, 
which increaſes the angle of aberration. by its figure near 4 times; by a Art. 561. 
ſubſtituting for it a new plano-convex glas with itsplane fide toward the y 
object, whoſe focal diſtance is 4 times ſhorter, the angle of aberration will 
alſo become quadruple b, becauſe the apparent magnitude of the object will b Art. 7:1. 
be doubled e. Mr. Huygens found Ar microſcope would bear this Ar. 7:9: 
Inverſion. But if we try to magnify much more by this propoſition, the 
aberrations by the figure will ſtill increaſe and put a ſtop to this proceſs; 
which nevertheleſs might be continued to infinity by the following pro- 
poſition, as this excellent Author has obſerved, but for the ace LY 
culty of making the object- glaſſes ſo ſmall as are requiſite for that purpoſe, 


PRO POSITION VIII. 


713. To make a new refracting microſcope denoted by ſmall letters Fig. 553, 55% 

enpdbo, which ſhall magmfy an object more than a given microſcope de- 

noted by larger letters E NP DBO, in any propeſed ratio of n to 1, with the 

ſame brightneſs, and diftinneſs too, with reſpect to the aberrations cauſed 

by the figure ; and with greater diſtinctneſi with reſpect to the aberrations 

cauſed by colours. | 
© Take ne NE, Pd = PD, pom PO, pb= 2 PB, pn = 
; PN ; and you have the dimenſions for the purpoſe required; and 


the angle of aberration cauſed by colours will. be leſs in this than in the 
given microſcope, in the ratio of 1 to 2x. For example in the ſtandard 
microſcope. abovementioned, putting g 2, we have ne, pd ite, 
PO e pn =; and the angle of aberration by colours 4 
times leſs than before. | J 

This rule is grounded upon the ſame hypotheſis. as the former, via. 
that the ratios of the intervals of the points B, O, P, N, are the ſame in 
both microſcopes. Therefore ſince the angles of aberration by the figure 
muſt be the ſame in bothd, we: have P. D3 as PO*XNE* ; and ſinge th — 203. 
brightneſs muſt be the fame too, we have PN*® or PO** as PD * 12 
VE, and conſequently PD. as 52 Sobſtitute theſe values of PO> * Ant 707: 
Wa and 


— — 


| 
| 
14 


« Art. 706, 


® Art, 708. 


Art. 707. 
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and PD! in the foregoing ſyſtem (PD. as PO*XN and we. have 
PD as NE3, and PO as NE. But NE being recipr hy as the appa- 


rent magnitude, or ne: NE:: 1: n, we have ne NE; and PD 


being as VEs, or pd: D:: ei: NE :: 1:93, we have pd PD, 


and in like manner PO being as ; NEs, we have po= = TPO; and.. by 
the hypotheſis pb and pn are as po. 
Nov the angle of aberration by colours is as 2 77 *Mthat is this angle i in the 
PD 


| new microſcope is tothe like angle in the od, wifor f 0 5, that 


NE NVE 
1s, as 1 to nn. Q. E. D. 


714. Corol. The breadth of che pencils that enter che pupil are alſo 


the ſame , for haif this breadth is EI= 2 „s that by this propoſition 


ve might magnify to infinity e hy impediments, but from the 
minuteneſs of the object-glaſs. But by the following propoſitions which 
do the ſame thing, the object-glaſs is not diminiſhed in ſo great a propor- 
tion as by this preſent one; being not reſtrained by the given ratios of the 
intervals of the points B, O, P, N. | 


PROPOSITION IX. 


Fig. 553. 55 715. Fit be required to compoſe a microſcope of fa00 conveæx Jenſes e * 


* Art. 70. 


„ which with the given eye-glaſs e ſhall magnify in a given ratio, and in 
— 2x0 the apparent ag c ce, on the oo of aberration by 
colours, ſball be the ſame as in another given microſcope compoſed of two 
tenſes E and P; rhe fe diſtance of the object-glaſs p and its aperture and 
Wage may be Haun in this manner. 

oſing the ſame ſchemes as before; let che given dimenſions of 

6 be theſe; PD g= A, PO=C, NE=D, BO: BP: 

0 — m. And ſuppoſe the correſpondin dimenſions of the new microſcope 
to be theſe; —— ne gd, bo: bq::1:n; and let the apparent 

magnitude j be to the apparent -nirude ſen by the naked eye 

from a given diſtance , in a given ratio of @ to . Then we ſhall have 


EAC, ENV md A4 Wee , 
For ſince the apparent brightneſs muſt be the ſame in both microſcopes, 
we muſt putz S that is = === > to abridge the fol. 


lowing reduQtion, And ſuce the angle of aberration by colours muſt * 


"oy 
ee: 
5 
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| PD , BP 54 35 
bo 1 * * — — a 
be the ſame in both, we muſt put r* —=—X—*; that is n = * Art. 708. 


125 =g. By the former of theſe equations we have Y =a4M 2 by the lat- 


„ EI, 
ter. Hence nn =— XZ =>X Dp © and ag and by put- 
. . b 4 
ting this value for a, we have = AV-. Now 9g = —ne* = == and * Art. 706. 


. ERS any. —_— 
thence 21 = 2 5 J ; and — — 5 * 2 and c * C. 
716. Corel. 1. Hence in theſe microſcopes the diameters of the aper= 
tures of the object- glaſſes are in a ſubduplicate ratio of their focal diſtan- 


ces, as in common teleſcopes. For we had = - And when theſe mi- 
croſcopes are changed into teleſcopes by making BO and 59 infinite, and 
conſequently i and 2=1, we have alſo == == 3 which a- 


grees with art. 354. 
717. Corol. 2. In theſe microſcopes the angles of aberration by the fi- 
gure of the objec-glaſſes, are reciprocally as their focal diſtances ; and 


by conſequence are reciprocally in a duplicate ratio of their apertures?, a Art. 716. 


| 7 : PD3 PN *% * 3 L Ko 
For the angle of aberration by the figure is as i * is * Art. 709. 
mA3 


this angle in the old microſcope, is to the like angle in the ne as . to 


CCD 
7» or as — to ( becauſe we had = == Y that is, as - to- ; be- Art. 708. 


C c 

cauſe AA: aa:: C: c. | * Art. 716. 
718. Corol. 3. By keeping the ſame object- glaſs and by altering the fo- 

cal diſtance of the eye-glaſs, the apparent magnitude of the object can be 


increaſed but little. For by the value of g=— *, we have q:4:: 1 ar. 506. ( 
:- and 4 Ad: d:: 1: 1; we have alſo ph: p:: n:n=1; there- 


4 4 44 x mom "aq |* an f 
fore pb = PU c, and p . XeX(ec) 22 | x C= Tp C995 
and conſequently when c is given, we have pb as 9. But pb muſt always 
be ſomewhat bigger than po; and therefore if at firſt it be put leſs than 250, 
as it muſt be, to make the image bigger than the object; it is manifeſt 
that pb and conſequently 4 cannot be diminiſhed ſo much as in the ratio 
of 2 to 1, that is the apparent magnitude cannot be doubled. 
719. Corol. 4. But if we keep the ſame eye-glaſs and diminiſh the fo- 
cal diſtance of the object-glaſs, we might magnify as much as we pleaſe 


but for the increaſe of the aberrations by the figure b. For fince the value b Art. 717. 
M m ot 
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of po may be thus expreſſed, 6== * — xC; by increaſing the mag- 


— 1 


nifying power, that is by diminiſhing q, the denominator of this quan- 
rity will be increaſed and c will be diminiſhed. Therefore to improve the 
given microſcope as far as poſſible, we muſt retain much the ſame eye- 
glaſs and diminiſh the object-glaſs and its aperture according to the rules 
above, till we find the aberrations by its figure begin to be troubleſome; 
and if it be required to magnify ſtill more, we may from the laſt micro- 
ſcope, in which the aberrations by the figure do no harm, determine ano- 
ther by the following propoſition. | 


PROPOSITION X. 


Fig. 553,554. 720. Fit be required to compoſe a microſcope of two convex lenſes e and 
p, which with the given eye-glaſs e ſhall magnify in a given ratio; and in 
which the apparent brightneſs of the object, and the angle of aberration by 
the figure ſhall be the ſame as in another given microſcope compoſed of two 
lenjes E and P, the focal diſtance of the object glaſs p and its aperture and 
pofitton may be found in this manner. | 

Suppoſing the ſame ſchemes and notation as before, we ſhall have 
..  E'E - | 48 
CR C; S a=Ay = * 


For ſince the apparent brightneſs muſt be the ſame in both micro- 
PDR ME pad x ne 4 3 
* Art, 7er. ſcopes, we muſt put „ -*; chat is r = f as before. 


And ſince the angle of aberration by the figure muſt be the fame in both, 


— 


. . mA3 na3 
* Art. 709. We mult put N = MN *, — = — = þ to ſhotten 
* P 203 * N p03 2 5 2 chat is CCD cd * 
34353 cc . 
the work. Hence we have a= — and - 71 = (a3 =) — that is n+ 
a+ h a* mi md 4 C h 10 ; 
EY — SH. CC; *. nce a=(— =) A 
. and u 7 And thenc (>S) 
4 c3 6b " +4Þ 4— 4 md 4 C — 
* Art, 706, — . Butg=t—ne* == ; — = (= Os and — 
Art, 706. / =; But della == and thence i (2 ws 55 - 


— 0 — 
= = „; and c=* x 5 Eo 
RS c D 4 


721. Corol. 1. In theſe microſcopes the diameters of the apertures of 
the object- glaſſes, are as the biquadrate roots of the cubes of their focal 


diſtances. For we had © = , —. | 
722. Corol. 2. And the angles of aberration by colours, cauſed by the 
object-glaſſes, are directly in a ſubduplicate ratio of their focal diſtances. 


2 Art. 717, The manner of proof is the ſame as before 
. | 723. 
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723, Corol. 3. Here alſo the magnifying power can be but little in- 


creaſed by changing the eye-glaſs. For we ſhall find pb as 7. inlike man- 
ner as before. a Art, 718. 


PW See 
724. Corel. 4. In the former propoſition we had po as. =- andby 


— +1 


. q 
; ſo that for the ſame increaſe of 


"A „ 
che preſent propoſition po is as — 


— + I 


the magnifying yo or decreaſe of q, the preſent po decreaſes in a 
duplicate ratio of the former. For which reaſon it is beſt to magnify as 
much as we can by the former propoſition before we apply the latter ; 
that the object-glaſs may be preſerved as large as poſſible. And by this mi- 
croſcope we might magnify to infinity but for the ſmallneſs of the object- 
glaſs; becauſe the brightneſs will continue the ſame and the diſtinctneſs 
will be increaſed by cor. 2. | 

725. Corol 5. If a new microſcope be required in which the angles of 
aberration of both kinds ſhall be reſpectively the ſame as in the old one; 
we mult retain the ſame object- glaſs; and to magnify more we mult in- 
creaſe the focal diſtance of the eye-glaſs ; but if it be increaſed to infinity 
the apparent magnitude in the new microſcope, will be to the apparent 
magnitude in the old, but as m to m— 1, or in Huygens's ſtandard but as 
10 to 9, which is but a trifle. For the angle of aberration by the figure 


, in which by ſubſtituting the · Ar. 70g. 


values of 7 and à found in the former propoſition, which ſuppoſed the 
angle of aberration by colours to be the ſame, we ſhall find c C; there- 


; 3 I which Art 715. 
fore in the value of c = * = C*; we muſt put — Xt which 715 
gives d = —— ; by which it appears that 4 will increaſe by diminiſhing 

5— 
q; and will become infinite when - 1 So, or when 7 = >; but in 
che old microſcope 2 = — * therefore we have 2 to , or the ap- * Art. 706; 
parent magnitude in the new, to the apparent magnitude in the old, as m 
tom—1. It is to no purpoſe therefore to alter the eye-glaſs as we ſhew- 
ed before. ; \ 


726. Togive an example of each of theſe propoſitions; in Huygens's ſtan- 
dard microſcope we have NE D =2; PDS AS POS CS 


PB =I; whence m= 10 and g=— *=4. To magnify as much * Art. 706. 


gp—— 


M m 2 more, 


will be the ſame by putting — 5 = 


Art. 706. 


Fig. 555 


Art. 50. 


2 Art. 207. 


* \ © Art. 58. 
Art. 728. 
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more, we muſt put g =+*, Hence by the former propoſition putting 


— n=19; pb==; and d e : 
But by this propoſition po = 2 == nearly, and the reſt accord- 
ing to the rules. If we put d= 1, by the former propoſition we ſhall have 


fo= 2 and by the preſent propoſition po = =; which agree with the 
rules in the 710 and 713 articles. | | 


d=D=2 we have po=c = 


LEMMA VII. 


727. Concerning the apparent magnitude, brightneſs and diſtinctneſs 
of objects in reflecting microſcopes, compoſed of a reflecting concave-metal 
and a ſingle eye-glaſs. 

Let an object B & be placed between the center P and principal focus T 
of a reflecting concave ſurface ACG; and let the image NY be viewed 
through the eye-glaſs E, whoſe focal diſtance is NE. Let the object B 
be viewed alſo by the naked eye from any given diſtance BQ; then take 
B to BT as NE toTC, and the object will be magnified in the micro- 
ſcope in the ratio of B to BY, 

or any line PA, produced both ways to the concave at G and to the 
eye-glaſs at Z, is the axis of an inclined pencil of rays, flowing from &, 
reflected from G to the image at 2, and refracted at Z to the eye at J. 
Draw X Q parallel to ZY or EN, and the object will appear in the mi- 
croſcope under the angle EY equal to NE For B; and conſequent- 
ly will be magnified in the ratio of the angle BY to BQX or of BN to 
BY, But B. NE::(BX:NY:: PB: PN: :) TB: TP or TC; be- 
becauſe TB, TP, TN are continual proportionals*. Q. E. D. 


728. Corol. 1. The apparent diſtance B 70 = = 


a = NE: and BQ being given, the apparent magnitude of the object 


is reciprocally as BY, by the lemma. 
729. Corel. 2. Let CA be the ſemiaperture of the reflecting concave; 


and the apparent brightneſs of the ſame object, in the ſame or in different 
microſcopes, will be as — For it is directly as the quantity 


of light received by the ſurface of the concave from any particle B, and 
inverſely as the area of the picture of that particle upon the retina or in- 


verſely as the apparent magnitude of the area of the particle; and conſe- 
quently is as 852 * — — * | : 


73% 


; ET. * 

8 

- pu ARC. 
Ez . 
1 
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730. Corol, 3. The apparent indiſtinctneſs of a given object, in the 


„ . - . . CA 6 P N+ 
ſame or in different reflecting microſcopes, is as —x 3 a 


* . Ly : CA3 PN . * . 

variable — „K — v e. 

conſequently is invariable when x —— is hae For the 
N23 


I aberration in the picture r * 
greateſt latera he picture at N is as — X — and the * Art. 70z. 


apparent indiſtinctneſs is as the ſquare of this aberration directly and as 
NE: inverſely, neglecting the aberrations cauſed by the eye-glaſs ac- 2 Art. 696. 
cording to art. 702. | 


PRoPOSITION XI. 


731. A new reflefting microſcope denoted by ſmall letters abcpnev, Fig. 555-556« 
may be made to magniſy more than a given refletting microſcape, adjuſted | 
by experiments and denoted by larger letters ABCPNEV, in any given 
ratio of n to r, with the ſame brightneſs and diſtinctneſi too pretty nearly, 


by faking ne =-NE; ca= ＋ CA; ot-= —CT; cb =— CB; 
1 ( 
cn = — CN. - 
732. This propoſition may be demonſtrated by the foregoing lemma 


and its corollaries, in the ſame manner as the 8th propoſition was demon- 
ſtrated by its lemma. For here alſo the intervals of the points C, B, P, N 
are ſuppoſed to be in given ratios. But the following propoſition is more 
general and better than this, becauſe it will not diminiſh the focal diſtance 
of the concave ſo much as this does, 


PRoPosSITION XII. 


733. Having a refleting microſcope conſiſting of a concave metal CA Fig. 555, 558. 
and a convex eye-glaſs EZ adjuſted together by experiment; it is propoſed 
to adjuſt any other given concave ca and convex eye-glaſs ez, ſo that the ap- 
parent brightneſs of the object ſhall continue the ſame as in the given micro- 
ſcope, and the a 2 diftinfneſs too, neglecting the increment of the ab- 
errations cauſed by the new eye-glaſs ez if it be taken leſs than EZ: and. 
then to ſhew how much the new microſcope will magnify. 

In the 555th figure already deſcribed, let the dimenſions of the given 
microſcope be theſe; CA = A, CT=C, NE=Dand TB: TC: : I: 3 
and in the new microſcope, whoſe correſponding parts are denoted by 
ſmall letters of the ſame names, let the given lines Ice, ne d. Take 


a number 2 = un - 1, 55 7 75 and for the places of che ob⸗ 
ject and of the eye-glaſs we ſhall have #6 : &c and 7c: tn;:; 1:1; and the 


2 


Art. 728. 


Art. 729. 


* Art. 730. 


a Art. 729. 
714 


b Art. 702. 
Fig. 552. 


* Art. 222. 
c Art. 327. 
d Art. 700. 
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n+ 1 


| ſemiaperture ca or a = x 24 and the apparent magnitude of 


1 


the object in the new microſcope, will be to its apparent magnitude, ſeen by 
the naked eye, from a given diſtance u, as to NA 4 


"7 aa” 
Vimmmn—l, — * 1 
1 


D 
For ſince the apparent brightneſs muſt be the ſame in both micro- 


CAxXNE caxne 4: ML ad 
ſcopes, we muſt put —- T— = *, that is =—— 2 , to 


— — 
m— 1,C 1 I, e 


ſhorten the following reduction. And ſince the apparent diſtinctneſs muſt 
3 


P N* ca3 12 
. P CT3 * CNX NE ct * me ? that is 
—— 2 — 3 P : 


eee Ng. By the former equation we have a = 
71, 11, 6% * 12 1 | | 
F - 4 and by cubing ——— = (a) =) — * ccag, by the latter 


. 8 dg &* mm—1 
ion. Hence n -I? = ; and #72 —1I = = = 8 
equation. Hen = of, dun 1 days dd x 55 


V -» by reſtoring the values of / and g; and n= go =. 


And by ſubſtituting the value of F in this equation a= . we have 


the value of @ as above. Since the breadth of the middle pencil, where it 
emerges from any eye-glaſs, is always the ſame; if we retain the ſame eye- 
glaſs, it will cauſe the ſame aberrations; but if we diminiſh the eye-glaſs, 
by a greater refraction it will increaſe its own aberracions aud conſequent- 
ly the le indiſtinctneſs. For though the bigger part? of the whole 
angle of aberration a76 or Rir is kept invariable ; yet the leſſer part of it, 
which is ſubtended by gr, will vary reciprocally as ge, taking gr for the 


aberration by colours; and reciprocally as qe cube, taking qr for the aber- 


ration cauſed by the figure of the eye-glaſs. For this part of that angle 

being as 5, is as — in the firſt caſe*, and as in the fecond caſe d, 
we always a 7 - . 2, E. D. 

wag Ant I. DPF am 55 . 6 in this 

microſcope is as 7 or as y — _ — 7 =; and conſequently may be 

increaſed at pleaſure by diminiſhing c; and alſo by diminiſhing d, if we 

neglect the {mall increment of the aberrations cauſed by ſmaller eye- 


 Slaſſes, 


735. 
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735. Corol. 2. Hence putting 9 =*< the apparent diſtance of the ob- 


| jet*; if 5 and q be given and the reſt be required, we ſhall have d = Art. 728 
7 


4 
3 = 5 and conſequently n=-=, and t:: 1: 1, and 
DDL gy | 15 


a—+1 D | 
9 fince g = (_=) === == » by reduction 
| I++ — 1, % 


we ſhall find as above. If the old concave be retained we ſhall have 


77 2 . | 
736. Corel. 3. If d and q be given and the reſt be required, we ſhall 


mm— 447 | 
have c = _ * — x C, by reduction as before; and ? and ca the 
ſame as in corol. 2. If 


the old eye-glaſs be retained, we ſhall have c = 


m m- 1 —— *, and the apparent diſtinctneſs will continue the 
very ſame as in the given microſcope. 
37. Corol. 4. This microſcope may be changed into Sir I/aac New- 


ton's reflecting teleſcope by making T B and #6 infinite, and conſequently 
mo and 2 SS, that is 1 =—V-=0. Hence > = 0 - or: 4 + 17-72 


5e We have alfloL=2=4- =, —rhat is a: Art Ft $4 


| C c «6-0 
5 C3. And refer, U b. 6 we have -: o__ (a: A: :) 65: Cs, 
or the magnifying powers as 1/ C3, All which agree with art. 361. 


738. Having made a few groſs experiments with a concave metal that Dimenſions of 


J had by me, - whoſe focal diſtance was; inch, and with ſeveral convex 
eye-glafſes applied to it; I found that the colours of objects in a reflecting 


a reflecting 


microſcope. 


microſcope appeared much more beautiful and natural than in double re- 


fracting microſcopes of the beſt ſort ; their proper colours being free 


from the mixture of other colours arifing in retracting microſcopes from 


the different refrangibilicy of rays.** When ſome ſmall hairs and a mite 
were placed upon a plane piece of glaſs at B, and had ſcarce any other illu- 

mination than the direct sky · light at a window, I found they appeared ſuffi- 
ciently bright and very diſtinct when the dienfons of my reflecting mi- 
_croſcope were theſe in parts of an inch;#C4 or. Ag ; CT or C=; 


NE or DS; TB: TC*: 1214. Therefore we have 2 = 14, and the 
Ws | appa- 


—ũ—3— — — 
» - 


Ny. 80. 


— 


P p 2 — 
: _ "» * + Tx. 1 — F "IE. G 1 2 + n 
5 1 % WE: >. * L ag <A os e 0 . $5 Wy" A * vo Ly 
n * 7 „ 8 


— 


r . 


I &\ a. 1 * — y C _ 
S, : . "— _ by , 
»* A . 
- 4 » - . * 9 
— — — 3 
3 * , — . 4 — 
5 « * 
10 D 7 
* 0 


F 
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+. apparent diſtance BN; and conſequently, putting BQ= h in- 
ches, cheſe . Objects were magnified 48 times in diameter. 
739. Hence it is eaſy to compute from corol. 3, that to magnify ya times 


* * 
& 


with the ſame eye-glaſs of; inch focal diſtance, and conſequently. with 
the very ſame diſtinctneſs and brightneſs as in this ſtandard experiment, 
the focal diſtance ct of the new concave muſt be o, 458 of an inch; and 
conſequently the diameter of the ſpherical ſurface of which this concave 
is a portion, that is 4 cf, is 1, 832. Which is above 9 times bigger than 
po = Jr O, 194, the focal diſtance and diameter of the ſphere of which 
that plano-convex lens is a portion, which we found would alſo magni 

72 times with an eye-glaſs of 2 inches focal diſtance®; but not ſo di- 


ſtinctly as its ſtandard did; becauſe the angle of aberration by the ſpheri- 


cal figure of the object-glaſs was increaſed almoſt 4 times®. Naw this ex- 


ceſs of the diameter of the ſphere of the concave meral above that of the 
lens, is a conſiderable advantage in order to magnify {till farther by a far- 
minution of the concave. | iz 

740. But how far the magnifying power of a given concave may be 
ſuccesfully promoted by diminiſhing the eye-glaſs according to the rule 
in corol. 2, I could not examine experimentally for want of proper me- 


chaniſm, to adjuſt the intervals between the concave, the object and the 
. eye-glaſs, according to computation ; and alſo to hold a convex lens or a 


reflecting concave in a proper poſition for caſting light upon the object; 
and to compute it by theory would be troubleſo mme. 
741. Theſe I ſuppoſe may be the advantages which Sir I/aac Newton 


expecled, when he tells us he ſometimes had thoughts of making a mi- 
c Phil. Tranſ. croſcope of this ſorte. Nevertheleſs in attempting to magaity very much 


we ſhall ſoon be ſtopt here too, by the minuteneſs of the concaves that 


are neceſſary for the purpoſe. This put me upon contriving a microſcope 


with two reflecting ſpherical ſurfaces of any ſize, ſo proportioned to each 
other that the aberrations of the rays cauſed by the firſt reflection, ſhall 
be perfectly corrected by the ſecond; and by conſequence that the laſt 


image of the object, from which the rays diverge upon the eye-glaſs, ſhall 


be as perfectly free from aberrations, as the theory of theſe aberrations is 
perfect. But having made the demonſtration of this conſtruction quite in- 
dependent upon any thing contained in this troubleſome chapter, I chuſe 
to give it as a Remark. 2 = ik os 


TI 
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* 


